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ABSTRACT

Adams, Thomas E. Ph.D., Purdue University, December 2014. Hydrogen
Loading System Development and Evaluation of Tritiated Substrates to
Optimize Performance in Tritium Based Betavoltaics. Major Professor:
Shripad Revankar.
State-of-the-art hydrogen loading system for thin metallic films has been
developed for maximum operational pressures and temperatures up to 69 bar
and 500°C, respectively. Hydrogen loading experiments on aged palladium
films of thickness 50 and 250 nm were conducted at pressure ranging from 0.2
bar to 10 bar. An optimal loading temperature of 310°C was found to be
adequate for hydrogen loading on these aged films. For first time hydrogen
loading on fresh titanium films was carried out at 1 bar and at room
temperature. Emission from metal tritide films has been modeled with MCSET (Monte Carlo Simulation of Electron Trajectories in solids) to
investigating surface beta flux. Improvements were made in the model to
include film density changes due to tritium loading and effects of beta decay.
Simulation results indicated that a 300 nm slab of MgT2 has surface flux three
times higher than that for ScT2, and six times higher than that for TiT2.
Commercial betavoltaic cells were tested at different temperature conditions
to characterize and assess their performance.
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CHAPTER 1.

INTRODUCTION

1.1 Significance of Research Problem
Radiation interaction with materials can have beneficial uses, such as in
betavoltaic cells, a type of radioisotope power source that utilize energy of beta
radiation converted into electricity (Adams 2011). The specific development of
betavoltaic devices has arisen out of the need for reliable, long-lived, high
energy density power sources for operating electrical systems in hostile and
inaccessible environments.

It is well established that conventional

electrochemical batteries, despite their widespread use in electronic devices,
have limited longevity and a strong tendency to degrade under extreme
environmental conditions (Manasse, Pinajian et al. 1976).

For situations

where battery replacement is inconvenient or impossible, such as in remote
sensing applications in space or aquatic environments, and where low-power
generation can be utilized, the diminutive energy generated from a betavoltaic
is suitable as an alternative to electrochemical battery technologies.
Betavoltaic power sources can potentially replace conventional chemical
batteries in many low-power applications, since they can also operate well in
extreme environmental conditions.
Betavoltaics find application in present-day micro-electromechanical and
electronic devices, implantable biomedical prosthetic devices, and in the
military intelligence applications (Guo and Lal 2003; Bao, Brand et al. 2012;
Olsen, Cabauy et al. 2012). Though not new, research and development of
these low-power sources was minimal for many years due to limited low-
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power applications, rapid semi-conductor degradation, limited availability,
and high cost of suitable radioisotopes (Adams 2011). Current developmental
progress is encouraging, and these sources potentially can provide power to
military and commercial devices for 20 years and beyond.
The ragone plot of power density (W/kg) versus energy density (W-hr/kg) in
Figure 1-1 illustrates where betavoltaic power fits in with other energy storage
devices. Diagonal lines represent duration of operation. In the upper left part
of the plot, super capacitors dominate by delivering large amounts of power
quickly. The bottom right represents devices that deliver low power for long
periods, such as betavoltaics. Radioisotope thermoelectric generators (RTG)
exhibit moderate power and operate for long periods as evident by the Voyager
space probe, which is powered by several kilograms of plutonium-238. Lithium
batteries provide high power, but typically operate for less than 5 years.

Figure 1-1 Ragone plot of energy storing devices
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1.2 Betavoltaic Cell
1.2.1 Electrical conversion
A betavoltaic cell creates electricity similar to a photovoltaic (solar) cell.
Betavoltaic devices are self-contained power sources that convert high-energy
beta (β) particles (electrons) emitted from the decay of radioactive isotopes into
electrical current. In a betavoltaic cell, electrons are produced indirectly via
the kinetic energy transfer resulting from beta particles interacting within the
semiconductor. As shown in Figure 1-2, a typical betavoltaic device, in its
simplest form, consists of a layer of beta-emitting material placed adjacent to
a semiconductor p-n junction or Schottky diode. Beta particles enter the p-n
junction and collide with atoms creating cascading electron-hole pairs (EHP)
events. In generating EHP events, these collisions result in kinetic energy
transfer and subsequently cause beta particle deceleration. Since the average
kinetic energy of typical beta particles used for betavoltaic devices lies within
the kilo electron volt (keV) regime, a single beta particle can be responsible for
generating multiple electron-hole pairs (Olsen 1973). A portion of the kinetic
energy is lost to the lattice. According to the Klein formula, the average kinetic
energy required to beta-generate an electron-hole pair of energy equal to the
semiconductor band gap (Eg) is 2.8 Eg + 0.5 eV (Bhattacharya 1994). In
addition, during the conversion process, 1.8 Eg eV and 0.5 eV are lost by
emission of acoustic and optical phonons, respectively (Olsen 1974; Olsen,
Cabauy et al. 2012).
Similar to a photovoltaic, electron-hole pairs that are beta-generated inside (or
within a minority carrier diffusion length) of the p-n junction’s depletion region
are subsequently separated from one another by the junction’s own built-in
electric field, and drift apart as illustrated in see Figure 1-3 (Harrison March
20, 2013). A 5 keV particle creates 1000 or more EHPs, and those created near
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the intrinsic or depletion region contribute to the generated current collected at
the contacts. The number of EHP is proportional to the band gap energy of the
material, the minimum energy for an electron to move from the valence band to
the conduction band, and the number of defects or traps where recombination
occurs (Adams 2011). The holes are accelerated to the p-side collector and the
electrons are accelerated to the n-side collector. EHPs created well outside the
depletion layer quickly recombine and provide a net zero current contribution.
With a load connected, the electrons travel from the n-side, through the load, and
back to the p-side.
Radiation Source

I



Load
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+ + + + + ++ + + + + ++ + + + ++ + + + + ++ + + +
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Figure 1-2 Schematic of betavoltaic conversion

Figure 1-3 Energy-band diagram of p-n junction under beta radiation
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Figure 1-4 shows a generic beta energy spectrum. The average energy is
typically one-third the maximum energy.

Because the beta particle is a

negatively charged electron, a drag is induced on the beta particle by the
positively charged nucleus thus skewing the peak to lower a lower energy.
Otherwise, the peak would occur at half the maximum energy (Bowles and
Hamish Robertson 1997). Factors such as self-shielding and low enrichment
reduce the quantity of betas that finally reach the betavoltaic converter device.
The extent of self-shielding increases with isotope layer thickness and density.
Another important factor is the penetration depth of the beta particle in
material.

The range is a function of the material’s density and can be

estimated using the following equation.
Rmax    0.412 E max 1.2650.0954 ln Emax   g-cm 2 

(1.1)

2.0%
1.8%
1.6%
1.4%
1.2%
1.0%
0.8%
0.6%
0.4%

B eta P arti cl es

0.2%
0.0%
0

0.2

0.4

0.6

0.8

1

E/Emax

Figure 1-4 Beta emission spectrum.

Because beta emission is isotropic, over half of the beta particles never reach
the semiconductor material. Therefore, designs should be developed with the
beta source sandwiched between two p-n junctions.
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1.2.2 Electrical Performance
Despite their operational similarities with photovoltaic devices, betavoltaic
devices are usually strictly limited to low power applications (Olsen 1993). This
is directly related to the fact that the typical flux of beta particles emitted from
a beta source is a minute fraction of the photon flux emitted by the sun (Olsen,
Cabauy et al. 2012). As a result, betavoltaic devices typically generate currents
on the order of nano- to micro-amperes, which are several orders of magnitude
smaller than currents generated by similarly sized photovoltaic devices (Sun,
Kherani et al. 2005; Olsen, Cabauy et al. 2012).
Typical betavoltaic electrical output characteristics are shown in Figure 1-5
and are measured by performing current-voltage (I-V) curves; a similar
technique is performed on diodes and solar cells. Open-circuit voltage and
short-circuit current are two important parameters for gauging performance.
There are two basic modes of operation, constant current and constant voltage.
In the voltage range from zero to 0.7 V, the current does not appear to change
and can be considered constant. Above the voltage of 0.85 V, the current
changes but the voltage changes little. In this range, the output voltage equals
the difference between the open-circuit voltage and the resistance voltage;
resistance of betavoltaics is in the MΩ range. Most efficient operation occurs
at peak power, which is at the knee of the I-V curve (~0.8 V). Operating at this
point continuously may be difficult because small changes in voltage can cause
large changes in current.

The load lines indicate the impedance of the

betavoltaic, which is maximum at open-circuit voltage and minimum at shortcircuit current. The mode of operation may be dependent on the matched
impedance of the circuit.

Many betavoltaics with similar operating

performance can be stacked in parallel and series to provide higher currents
and higher voltage, respectively.
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I‐V characteristics with Load Lines
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Figure 1-5 Betavoltaic I-V electrical characteristics

Temperature effects on betavoltaic I‐V curve
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Figure 1-6 Typical I-V curve performance at low,
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Temperature affects betavoltaics similar to the way it affects semiconductor
electronics.

In reference to Figure 1-6, high temperatures decrease

performance while at cold temperatures, the performance increases. The I-V
curve shifts upward as temperature decreases and shifts downward as
temperature increases.
The most important characteristics used to gauge betavoltaic performance are
open circuit voltage (Voc), short circuit current (Isc), maximum power and fill
factor (FF), which is given in equation (1.2) as the ratio of maximum power
(Pmax) and the product of Voc and Isc. The higher the fill factor, the better the
performance.
FF =

Pmax
Voc I sc

(1.2)

As mentioned earlier, the resistance of intrinsic semiconductors decreases in
higher temperatures, the opposite of metals.

However, because the

semiconductor is doped with carriers, it behaves like metal so resistance
decreases with temperature. With increased resistance, the output current
lowers. The voltage also decreases and is attributed to the number of vacancies
in the material given by equation (1.3)
N v = Ne

-Qv kT

(1.3)

where Nv is the number of vacancies, N is the number of lattice sites, Qv
is the vacancy formation energy, T is temperature in Kelvin, and k is
Boltzmann’s constant.
Vacancies act as traps or recombination sites by lowering the bandgap voltage.
As temperature increases, the number of traps increases and more electron
hole pairs created by beta particles are lost to recombination. In a perfect
material without recombination, the open circuit voltage would be the voltage
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of the band gap, i.e. for Si, band gap voltage is 1.11 eV, and therefore open
circuit voltage is 1.11 V. The natural number of vacancies of a material cannot
be changed.
Hybrid designs using emerging lithium ion solid-state batteries with
betavoltaics are being considered to provide latent and burst power. A notional
design for the hybrid battery is provided in Figure 1-7. The new lithium solidstate technology incorporates a solid electrolyte called LiPON that reduces selfdischarge and allows for operation in a wider temperature range. LiPON is an
amorphous polymer comprised of lithium phosphorous ox nitride that was
developed at and is licensed by Oak Ridge National Laboratory. The battery
exhibits a voltage from 3 V to 4 V when fully charged. Because betavoltaics
are a high impedance device as discussed above, additional circuitry will be
needed to match the much lower impedance of the battery, prevent
overcharging in the battery, and prevent current from flowing into the
betavoltaic.

Load

Ibv
Rs
Isc

Rsh
Idark

+

Dp

+

Vbv

Vbat

-

-

Rcell
Re

Ce

Vcell

Figure 1-7 Hybrid battery design using betavoltaic and lithium battery
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1.3 Issues with Betavoltaic Technology
The betavoltaic technology has several issues ranging from the amount of
research conducted to implementing them in cell designs.


Little research has been conducted in betavoltaic technology because of
lack of interest. Low-power devices and applications were not available
until the last few years.



Beta-emitting radioisotopes are difficult to obtain and are very
expensive since the domestic supplies are not available. Most suppliers
are in Russia except for tritium, which is available from Canada.
Tritium must be absorbed in a material hydride, which poses problems
during absorption. Present tritium hydrides tend to leak at higher
temperature.



The radioisotope sources for betavoltaics need to be very thin to avoid
self-shielding losses making them very fragile. Efficiency of the beta
energy decreases beyond a thickness of 500 nm due to self-shielding. In
addition, most beta-emitting materials have other radioisotopes that
emit high gamma radiation and thus require heavy shielding.



Implementing betavoltaics with present day electronics is difficult since
the data sheets are written for batteries or inline power. Devices such
as Xilinx field programmable gate arrays require a current to keep the
encryption key alive.



Radioactive materials are regulated by the U.S. Nuclear Regulatory
Commission (NRC) and agreement states using 10 CFR Part 30. The
regulations are open to interpretation such as “ionizing environments”
for tritium used in exit signs and gun sights.

Perception of using
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betavoltaics along with interpretation of regulations will always be huge
issue.


Techniques and methods to evaluate betavoltaics are not well
understood. They are very sensitive to electro-static discharge (ESD)
because they are very thin.

Typical voltmeters will damage the

betavoltaic if the impedance is too low. The output characteristics also
pose a challenge due to changes in load impedance and temperature.


Betavoltaics are long-life devices lasting up to 20 years.

However,

limited data exists on how the beta source and semiconductor degrade
over time. In a tritium source, the tritium decays to helium-3, which
may slowly escape benignly, or may form clusters and cause pits in the
source.
1.4 Thesis Objectives
The goal of this research is to characterize thin-film materials and loading
methods to achieve consistent large hydrogen (protium, deuterium and
tritium) concentrations without cracking, delamination or hydrogen leakage,
and to address evaluation techniques and instrumentation.

In the

experiments, protium will be used as a surrogate for tritium. Main objectives
of this dissertation are:
1. Develop a state-of-the-art hydrogen loading system with accurate
sensing and control up to pressures and temperatures of 69 bar and
500°C, respectively, which include design, fabrication, validation,
procedures, and loading scenarios.
resistivity

measurement

probes

Develop and implement in-situ
to

determine

and

thermodynamics during hydrogen loading and unloading.

understand
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2. Perform hydrogen-loading experiments on thin-film materials currently
used in betavoltaic designs using the developed hydrogen loading
system. Investigate optimal pressure and temperature conditions for
hydrogen loading.
3. Simulate the beta flux and energy distribution at the surface of various
tritiated thin-film sources using MC-SET (Monte Carlo Simulation of
Electron Trajectories in solids) and compare with reported values.
4. Experimentally evaluate commercial betavoltaic cells to develop
techniques and methods while examining their performance under
different operating conditions.
1.5 Technical Approach to Objectives
1. The approach for developing the hydrogen loading system is based on a
loading system developed at Greenway Energy located in Savannah River
National Laboratory (SRNL), which is based on differential pressure
between two calibrated volumes. The new loading system is provided with
improvements in control and sensing capabilities. In addition, a four-wire
resistivity probe is implanted for in-situ measurement of film resistance.
2. Hydrogen loading experiments are conducted on palladium and titanium
films of different thickness at different pressure and temperature
conditions.

Test parameters include pressures ranging from sub-

atmospheric pressures to 10 bar and temperatures from room temperature
to 350°C. Effects of the film aging on the hydrogen loading are studied by
using fresh as well aged films.
3. Beta flux and energy distribution at the surface of titanium, scandium and
magnesium films of different thickness and density are simulated using the
MC-SET.
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4. Commercial betavoltaic cells with titanium tritide films are tested using
standard test equipment for electronic characterization and examined to
the effects of temperature and humidity.
1.6 Organization of Dissertation
The first chapter of this document highlights the motivation and objectives for
the research. Chapter 2 provides a literature survey of betavoltaic technology
along with a literature review on hydrogen loading of thin films. In Chapter 3,
experimental approach, design, fabrication, operation and methodologies are
discussed. Sample preparation and absorption experiments are presented in
Chapter 4. Chapter 5 describes the beta surface flux modeling and simulation
results, and Chapter 6 provides a description, methods and results for
evaluations on two betavoltaic cells. Lastly, conclusions and future work are
presented in Chapter 7.
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CHAPTER 2.

LITERATURE REVIEW

2.1 Status of Betavoltaic Power Technology
Research and development in betavoltaic technology has been ongoing, though
sporadic, since its inception in 1953.

The low interest following its

development can be attributed to its low power, niche applications, and
negative public perception. A resurgence in interest occurred in ca. 2008 when
electronics became compatible with the power and energy densities of
betavoltaics. The timeline of Figure 2-1 highlights major achievements and
milestones of the betavoltaic technology.

Figure 2-1 Timeline of betavoltaic technology
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A literature survey was conducted using the Compendex Database accessed
through the Purdue University’s library portal in June 2013. Variations of
betavoltaic were used as the search keyword. The results exhibited some
interesting data on when articles were published and who published them as
shown in Figure 2-2 and Figure 2-3, respectively. Prior to 1976, only 12 articles
were published. Since 1976, 138 journal articles were published, and of those,
104 or 75% were published in the last six years. Over 90% of the articles were
published in the U.S. through 2007. Since then, the number of publications on
betavoltaics by U.S. institutions dropped below 20%, while the number of
publications for China increased to over 75%. Canada and Norway have been
conducting some research and research is emerging in Korea, Italy, Australia
and Iran.

Publications on Betavoltaic Technology

Number of Publications

25
20
15
10
5
0

Figure 2-2 Publications by year since 1976 on Betavoltaic Technology based
on Compendex Database generated on June 7, 2013
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Figure 2-3 Publications by country since 1976 on Betavoltaic Technology
based on Compendex Database generated on June 7, 2013
The first betavoltaic battery was developed in 1953 at RCA by Rappaport. The
device yielded an efficiency of only 0.2% and degraded rapidly due to radiation
damage from strontium-90 (90Sr). Interestingly, photovoltaics were developed
as a result of this initial work (Rappaport 1954). Several others continued
research using promethium-147 (147Pm) but were only able to achieve <1%
efficiency (Flicker, Loferski et al. 1964; Manasse, Pinajian et al. 1976).
Early discovery of electron induced voltage in semiconductor came out as an
offspring of photovoltaic cell research and development (Smith 1965).
Ehrenberg et al, (Ehrenberg, Lang et al. 1951) described the electro-voltaic
effect in 1951 where current magnification was observed in selenium photocells
when they were bombarded by an electron beam. Later that same year,
Ohmart (Ohmart 1951) reported on a method of producing an electric current
from radioactivity. Following year the use of radioactive material for the
generation of high voltages was described by Linder and Christian (Linder and
Christian 1952). Rappaport and Linder (Rappaport and Linder 1953) at the
RCA Laboratories investigated radioactive charging effects with a dielectric
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medium in an attempt to obtain efficient direct conversion of nuclear energy to
electrical energy
Rappaport (Rappaport 1954) was the first to describe betavoltaic cell with beta
sources coupled to p-n junction devices in January 1954 wherein he reported
characteristics of silicon alloy junctions coupled to a 50 milli-Curie Sr90-Y90
radioactive source. This cell produced 0.8 microwatts with very low overall
efficiency of 0.2 %; the overall efficiency was based on the total power produced
by the radioisotope source. Rappaport (Rappaport 1954) also reported on
radiation damage in semiconductor. Pflann and Van Roosbroeck (Pfann and
Van Roosbroeck 1954) reported on betavoltaic

and discussed the general

problem of betavoltaics. Further studies on electron voltaic effect in silicon
and germanium p-n junctions coupled to Sr90-Y90 beta sources was continued
by Rappaport and coworkers at RCA through 1956 (Loferski and Rappaport
1955; Rappaport and Loferski 1955; Linder, Rappaport et al. 1956; Rappaport,
Loferski et al. 1956). The RCA group formulated described the theory of
betavoltaic devices and presented further results on interdependence of beta
source parameters such as self-absorption coefficient, beta energy spectrum
and activity, and semiconductor parameters such as energy gap and minority
carrier properties were emphasized.

The RCA group also identified the

potential of Pm-147 betavoltaics. Flicker et al, (Flicker, Loferski et al. 1964)
presented results on Si and GaAs diffused junction device coupled to Pm-147
sources. Beta sources were made by precipitating Pm-147 as hydrated oxide
(Pm203,6H20) onto a substrate. Betavoltaic studies with GaAs cells yielded
very poor overall efficiencies of 0.4 % and 0.77 %.
The most notable use of betavoltaic devices has been in cardiac pacemakers
(Franco and Smith 1974). During the 1968-1974 period, researchers lead by
Olsen from Donald W. Douglas Laboratories, Richland, WA, developed a Pm147Si betavoltaic power source that was implanted in pacemakers in over 285 test
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patients, where 60 patients were inside the United States. German and U.S.
medical institutions were seriously considering the Betacel for wider use. The
United States Atomic Energy Commission (USAEC) had authorized the licensing
in the United States of a Clinical Investigation Program that allowed the
implantation of 50 Betacel pacemakers per month (Olsen 1974; Olsen 1993;
Olsen, Cabauy et al. 2012). The Pm147-Si battery called Betacel is shown in
Figure 2-4 and achieved a conversion efficiency of ~ 4% and had an expected
lifetime of ~10 years. However, high costs and concerns over gamma radiation
emitted from the contaminate isotope Pm146 and strides in lithium battery
development entered onto the scene and were subsequently selected for
pacemakers instead (Olsen, Cabauy et al. 2012).

Figure 2-4 Betacel battery for pacemakers (Olsen 1993)

Research and development in the last 12 years has concentrated on designs
using tritium and Ni63 as beta source and with amorphous silicon (a-Si) and
SiC p-n junctions. In one novel design, the tritium was absorbed into the
amorphous silicon p-n junction to passivate silicon dangling bonds. However,
as the tritium decayed to helium-3, dangling bonds were created and the
conversion efficiency decreased by a factor of two in 18 days (Kosteski, Kherani
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et al. 2003). A comparison of the most recent betavoltaic designs is shown in
Figure 2-7. In 2006, Qynergy developed a krypton-85 betavoltaic Qyncell™.
The energy density was high, but degraded due to radiation damage and large
amounts of defects in silicon carbide (Eiting, Krishnamoorthy et al. 2006).
BetaBatt developed a three-dimensional porous silicon diode tritium design (PSi) but could not achieve a high enough current density (Chandrashekhar,
Thomas et al. 2006). Widetronix has developed Ni63- 4H SiC betavoltaic cells
with up to 6% power conversion efficiency (Adams, Revankar et al. 2012).
Thicker packaging was required to shield high energy gamma rays from nickel
isotopes that could not be removed as shown in Figure 2-6. In 2008, City Labs
successfully produced tritium betavoltaic prototypes, shown in Figure 2-5,
using proprietary material (Prop) that are currently in operation; City Labs’
NanoTritium™ battery has subsequently been granted the Industry’s first and
only General License that satisfies all nuclear regulatory guidelines (Olsen,
Cabauy et al. 2012). The NanoTritium™ battery is currently listed on the US
NRC’s Sealed Source and Device Registry (SSDR) of devices approved for
manufacture and sales within the United States. At an efficiency of 7.5%, City
Labs’ devices produce the highest power density for betavoltaics as shown in
Figure 2-7.

Figure 2-5. City Labs NanoTritiumTM betavoltaics.
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Figure 2-6. Widetronix Firefly-N betavoltaic.
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2.2 Materials for Betavoltaic Cell
2.2.1 Beta emitting sources
2.2.1.1 Potential radioisotopes
When selecting a beta source for a betavoltaic device, fluence rates and isotope
half-lifetimes are important aspects that must be considered.

Obviously,

utilizing long half-lifetime isotopes that can generate sufficient beta particle
fluxes is critical to the design of long-lasting betavoltaic power sources.
However, the effects of radiation damage in the semiconductor material must
also be taken into account. Ideally, the maximum kinetic energy (Emax) of the
beta particles emitted from the beta source should be smaller than the
radiation damage threshold of the material (Eth) (Bao, Brand et al. 2012).
Otherwise, the emitted beta particles would have sufficient energy to displace
atoms in the semiconductor lattice.

Radiation induced defects in the

semiconductor material can result in shortened minority carrier diffusion
lengths, increased leakage currents, and overall device performance
degradation.
The importance of selecting an appropriate beta source was quickly identified
early on from the rapid degradation of output power observed in early
betavoltaic devices that coupled 50 mCi Sr90-Y90 beta sources with silicon p-n
junctions (Rappaport 1954).

Despite the 20 year half-lifetime of Sr90-Y90,

radiation damage caused by high energy beta particles with maximum kinetic
energies up to 2 MeV limited the device lifetime to 14 hours (Pfann and Van
Roosbroeck 1954; Olsen 1973). As a result, in order to keep radiation damage
at tolerable levels, feasible beta sources for betavoltaics are typically limited
to H3 (Emax = 18 keV), Ni63 (Emax = 67 keV), and Pm147 (Emax = 230 keV) (Flicker,
Loferski et al. 1964). The properties of candidate radioisotopes for betavoltaics
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are summarized in Table 2-1 (Olsen, Cabauy et al. 2012). Though the sources
in a few designs have been gasses (tritium and Kr85), for safety and containment
reasons, a solid source is preferred. Of the most common beta emitting isotopes
listed in Table 2-1, tritium (H3) is the most attractive due to its low shielding
requirement and availability; tritium is a byproduct of heavy water reactors used
in Canada (Adams 2011). Pm147 is a potential beta emitter with higher energy
betas that are below the dislocation threshold, but is difficult to obtain without
reprocessing spent fuel. Higher beta energy particles penetrate the material
further thus creating more EHPs, but also damages the material lattice faster
based on the displacement energy of the material.
Table 2-1 Potential beta emitting radioisotopes

Isotope
H3
P32
P33
Ni63
Sr90
Pm147
Tl204

Half Life
T1/2 (yr) Decay to
12.33
He-3
0.04
S-32
0.07
S-33
100.1
Cu-63
Y-90 to
28.8
Zr-90
2.6
Sm-147
3.8
Pb-204

Average
Energy Maximum
Eavg
Energy Diffusion Diffusion
(keV) Emax (keV) Si (cm)
air (cm)
5.7
18.5
0.20
0.04
692.9
1710
1097.52
218.94
76.6
249
36.53
7.29
17.1
67
2.12
0.42
196
546
174.67
34.84
2,280
934
65
220
27.31
5.45
245
764
247.10
49.29

Specific
Density
(Ci/g)
9,664
286,500
154,800
59
140
600
30

Except for the amorphous silicon (a:Si) design, the beta radioisotope is stored
in a film separate from the p-n junction material. In order to increase the
power density and beta utilization efficiency, beta sources deposited onto the
p-n junction are being investigated. Issues in loading the beta emitter and
minimizing the interface defects are expected (Kierstead 1984). Tritium can be
efficiently stored as a solid rather than a gas, which is much safer. Materials
such as scandium, titanium and palladium possess the ability to store large
amounts of hydrogen by forming hydrides such as PdH and TiH2. In Sc and Ti
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substrates, hydrogen is weakly bonded and the hydrides can become
thermodynamically unstable over time.

Loading hydrogen in Sc and Ti

involves complicated processes under extreme temperatures and pressures,
and are easily contaminated by air and moisture, unlike Pd, which remains
relatively clean. In Pd, hydrogen is stored as interstitials and in defects where
the electrons are shared with outer 4d shell (Rappaport 1954; Lewis 1996;
Adams 2011).
2.2.1.2 Thin-film tritide sources
In tritium based designs, the substrate material that serves as the sync or
storage medium for the tritium has become a significant challenge. Recent
beta source designs invoking tritium stored as tritides demonstrated a number
of practical difficulties with loading techniques and substrate damage. Tritium
can be efficiently stored as a solid in metal rather than as a compressed gas.
Palladium can store up to 900 times its volume of hydrogen at room
temperature leading to a H:Pd ratio of 0.6 (Flanagan and Oates 1991; Lewis
1996). Scandium (Schroeder and Gottfried) and titanium (Ti) can store larger
amounts of hydrogen by forming hydrides, ScH2 and TiH2, but the loading
process is more difficult.

Tritiated foils are currently produced for linear

accelerator targets and contain activities up to 5 Ci for a 2-cm2 foil. In thin
films of scandium, Sc, 300 nm, an activity of approximately 350 mCi/cm2 has
been achieved. Air and moisture contaminate the surface, which increases the
activation energy necessary for diffusion; the surfaces must be cleaned prior to
loading.
In Pd films, the loading process is much easier due to a cleaner surface and a
catalytic effect.

Recently developed graphene films may provide a better

substrate at a much lower cost. Graphene (~2.0 g/cm3) has a lower density
than Sc (3.0 g/cm3) and Ti (4.5 g/cm3), but has a comparable hydrogen density
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when fully loaded: graphene (0.12 kg/L), Sc (0.13 kg/L) and Ti (0.18 kg/L)
(Adams 2013).
Beta particles are emitted isotropically in a range of energy where the average
energy is 30 percent of the maximum energy. For tritium, the maximum
energy is 18.5 keV and average energy is 5.7 keV. The beta energy spectrum
shown in Figure 2-8 was reproduced in Excel using the beta energy distribution
function given by Eqns. (2.1) through (2.4) (Bower 2002).
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where w(E)dE is the beta distribution, E is beta energy, Emax is maximum beta
energy, moe is electron rest mass, c is speed of light and C1 is the normalizing
constant. The Fermi distribution function, F(Eʹ ,Z), accounts for coulombic
forces with the daughter nucleus where Z is the number of protons in the
daughter nucleus, and a is the structure coefficient. For tritium with an α = 1,
Z=2, and Emax = 18.5 keV, the distribution closely matches the distributions
used by the Department of Energy (DOE 1999; Adams 2011).
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Figure 2-8. Relative decay probability of tritium.
The probability for low beta energies, ~less than 500 eV, are difficult to
measure by present instruments, Because the beta particle is a negatively
charged electron, a drag is induced on the beta particle by the positively
charged nucleus thus skewing the peak to lower a lower energy. Otherwise,
the peak would occur at half the maximum energy (Bowles and Hamish
Robertson 1997).
The half-life of the tritium decay rate is a constant 12.32 years. However,
fluctuations in decay rates for silicon-32 and radon-226 have recently been
reported to be affected by the Sun. A seven-year study indicates a strong
correlation between decay rates and the Earth-Sun distance (Jenkins,
Fischbach et al. 2009). In June when Sun is farthest from Earth, the decay
rate decreases by 0.2%, and in December when the Sun is closest to Earth, the
decay rate increases by 0.2%. Solar activity such as flares has been correlated
to changes in the decay rates. The changes in decay rates appear to be caused
by neutrinos, especially since variations were not observed during a solar
eclipse (Jenkins, Herminghuysen et al. 2012).
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2.2.1.3 Issues in present tritiated films
The main challenge in making thin-film beta sources occurs during the tritium
loading process.

Tensile and compressive stresses develop at the thin-

film/substrate interface due to conflicting thermal expansion mismatches; such
stresses can lead to delamination and buckling, similar to the growth of
titanium oxide as shown in Figure 2-9. The side view on the left indicates the
extent of the delamination in buckling. The unbuckled areas are attached to
the substrate. Increased expansion would cause the bubbles to burst and begin
the onset of flaking. The substrates must often be heated to temperatures in
excess of 400°C to initiate absorption due to the contamination that forms on
the surface. Most materials that have a high affinity for hydrogen also have a
high affinity for oxygen.
Behavior of thin-films during the hydrogen loading process is not well
understood and will be the focus of upcoming experiments where surface
resistivity will be monitored during loading. Thin-films with thicknesses less
than 500 nm are necessary for efficient betavoltaic power cells. Self-shielding
occurs where the charged beta particles scatter through the material and slow
down. The denser the material, the shorter the lifetime. A limit is reached
where no matter how thick and how much radioisotope is deposited, only a
certain amount of beta particles leave the surface.

Figure 2-9. Delamination and buckling of TiO2 (Zhao, Wang et al. 2005)
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2.2.2 Semiconductor Material
For the semiconductor portion of the device, radiation hardness, long minority
carrier

diffusion

lengths,

and

low

leakage

currents

are

important

considerations for the design of the semiconductor junction. Table 2-2 shows
these characteristics for common semiconductors. Wide band gap materials,
such as SiC, are often sought out as junction materials because they have
higher radiation damage resistance and, as a result of the band gap
dependence of electron-hole pair generation, the potential to achieve greater
betavoltaic conversion efficiencies when compared with smaller band gap
materials (Sun, Kherani et al. 2005; Bao, Brand et al. 2012). However, wide
band gap materials are typically characterized by lower mobilities and carrier
lifetimes, which adversely impacts diffusion lengths (Kosteski, Kherani et al.
2003). In addition, the growth of high quality junctions with defect densities
sufficiently low enough for use in betavoltaic devices has been a major
challenge for some wider band gap materials. The number of defects in bulk
and at the surface of semiconductors increases as bandgap increases and thus
increases dark current. Figure 2-10 shows that the dark current greatly affects
output performance of betavoltaics near the maximum power point.

The

surface and bulk resistivity of a semiconductor are a function of the number of
defects (traps) and impurities (Neamen 2003). The growth of high quality low
defect density junctions is required in order to minimize leakage currents. As
a result, the majority of betavoltaic devices have been fabricated using Si (Eth
~ 200 keV), GaAs (Eth ~ 225 keV) or Ge (Eth ~ 350 keV) junctions because of
the maturity of their crystal growth technologies.
Maximum range of a beta particle in a material is directly proportional to its
density and is given by the empirical formula in (1.5) for Emax < 2.5 MeV where
Rmax is maximum beta range, Emax is maximum beta energy in MeV, and ρ is
density of target material in g/cm3 (Lamarsh and Barratta 2001). The depth
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of the depletion region where EHPs need to occur must be shorter for denser
materials.

Rmax * r = 0.412E max

(1.265-0.0954 ln Emax )

é g/cm2 ù
êë
úû

(1.5)

Table 2-2. Characteristics of common semiconductors at 25°C (Yoder 1996).
Property

Si

GaAs

4H SiC

GaN

AlN

Diamond

Density (g/cm3)

2.33

5.40

3.21

6.10

3.26

3.52

Bandgap (eV)

1.1

1.43

3.26

3.45

6.2

5.45

Resistivity (Ω-cm)

1000

< 108

> 1012

> 1010

> 1013

> 1013

Figure 2-10. Effect of dark current losses in a betavoltaic.
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2.2.3 Equipment and methods for loading protium/deuterium and
tritium
The current method of loading tritium into thin films at Kinetrics in Canada
uses a sealed system designed to capture unused tritium. The samples can be
heated up to 500°C while the tritium pressure ranges from 1 bar up to 100 bar
using a pump. However, the pump tends to leak over time so the preferred
method would be to eliminate it. Tritium loading systems are elaborate and
custom built, like the one built by Tyne Engineering, shown in Figure 2-11,
which cost $850K (Robinson 2012). Tritium is stored in a uranium or titanium
bed. Upon heating to 150°C, tritium is released and captured in a porous
zeolite cooled to 77°C with liquid nitrogen. The zeolite attracts the tritium and
produces a vacuum. To obtain the desired loading pressure, a precise amount
is absorbed in the zeolite based on the known volume of the system. Then, the
valve connecting the tritium bed is closed and the tritium in the zeolite is
released by allowing it to come to room temperature. The valve to the samples
is open to begin the tritiation process.

Figure 2-11 Tyne Engineering tritium loading system (Robinson 2012)
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The amount of time required to load tritium depends on the state of the sample
surface. Any oxidation will dramatically slow the loading time down. The
diffusion coefficients for uncontaminated films are in the 10-4 cm2/s to 10-6 cm2/s
range, while contaminated films exhibit ones greater than 10-10 cm2/s range
(Baykara 2004), The loading time t can be estimated using the following
diffusion equation in (2.6) where d is the film thickness and D is the diffusion
coefficient.

t=

d2
4D

(2.6)

For a diffusion coefficient of 10-8 cm2/s, the time for the hydrogen to diffuse is
31 ms. However, fully loading a film requires times in the hours due to
chemisorption and transport within the film. The process is limited by reaction
rates inside the material. In tests conducted at Savannah River National Lab
(SRNL), it took nearly 24 hours to load 350 nm titanium films capped with 100
nm of palladium. The palladium prevents the metal surface from oxidizing by
allowing hydrogen to pass through. Because the material immediately drinks
hydrogen, the system cannot be filled at the beginning of the test or loading
information will be lost. Precise volume measurements of the system must be
determined with helium or argon and a known volume prior to conducting a
loading test. Valves are opened one-by-one and the pressure drop correlates to
the volume. In the system at SRNL, the volume calculations were done three
times prior to test. The system was evacuated with a rough vacuum pump
after each run.

A schematic of their system is provided in Figure 2-12

(Greenway 2012).
The overall free volume was ~24 cm3 while the volume of the Parr reactor and
tubing was ~ 8cm3. The system uses a low (5 bar with 1 mbar resolution or
0.0145 psi and high (100 bar) pressure transducer to determine the pressure
drop which is indicative to the amount of hydrogen absorbed. The system is
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comprised of Swagelok weld fittings, tube fittings and VCR fittings. Tube
fittings are only used in areas where they are not disconnected. Pneumatic
diaphragm valves with low leak rates are used; bellows valves would work but
are much more expensive. The system is controlled by a dedicated operating
system that is not very flexible. It was also important to note that the system
was grounded to prevent sparks and charge buildup. The gas cylinders and
vacuum pump are always connected to system. They use a hydrogen detector
to monitor the fittings, vessel and regulator before test. Because the system is
run by dedicated software that cannot be changed, they are limited to how they
control the system. The reservoirs are control volumes and are known.

Vent
Small
Reservoir

Vacuum

5 bar

Supply
Reservoir
Parr Reactor
Vessle, 75 mL

D2 or H2
He or Ar
Large Reservoir

100 bar

Figure 2-12 Tritium Loading System at SRNL
During calibration, the supply reservoir is filled with inert gas to a pressure of
5 bar.

They valves are opened systematically to calculate the unknown

volumes, especially for the reactor vessel loaded with the samples. When done,
the vacuum evacuates the system and calibration is repeated two more times.
This also degasses and cleans the samples; samples should be heated to a
minimum of 150°C in a vacuum for at least an hour. Next, the desired pressure
is input into the system. The system loads either or both reservoirs to a
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pressure based on the volume calculations. The valve in front of the Parr
reactor opens to begin the loading process.

Because the hydrogen begins

diffusing immediately in the material, it is hard to tell when the gas pressure
reached equilibrium.

The calibrated values become important here.

Temperature and pressure are recorded throughout the run.

The reactor

thermocouple is located outside the bottom. There is also a thermocouple on
the top of the reactor, and in two places on the tube from the reactor to allow
determination of the pressure gradient for more accurate pressure
calculations. As a check, a spreadsheet was used to record calibration volumes,
temperatures, pressures in order to predict beginning pressure of hydrogen.
Because part of the system is heated, the temperature of each volume must be
taken into account to calculate the total number of moles, n, absorbed. This is
critical when performing loading tests at temperatures other than room
temperature where the closed system is not at the same temperature.
Dn =

DP
P

éV V
ù
ê 1 + 2 + .... + Vn ú
êT T
Tn úúû
êë 1
2

(2.7)

For tests that have a difference in temperature, several calibrations tests will
need to be run with hydrogen without the samples to determine how the
pressure varies with temperature. In reference to the phase diagram for PdHx
in Figure 2-13, a Pd film can experience up to 12% expansion with absorption
of hydrogen. The expansion creates stresses the film resulting in cracking,
delamination, and flaking. Therefore, when loading palladium, the beta phase
needs to be avoided by controlling the film temperature and hydrogen pressure;
no beta phase is formed above the critical temperature of 295ºC and critical
pressure of 20 bar (Lewis 1996).
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Figure 2-13 Pd-H phase diagram: Tc = 295ºC, Pc = 20 bar (Lewis 1996)
Dummy spacers and slugs made of stainless steel were used to fill the void in
the reactor to minimize the volume. The Grafoil gasket was replaced for every
test. The gasket also calls for a silicon grease, which was used on the first test.
However, when the temperature was increased to 600ºC, the grease broke
down and began gassing. Thus, the final pressure was higher than the initial
pressure. The silicon grease will be avoided in future tests.
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CHAPTER 3.

EXPERIMENTAL DESIGN

3.1 Introduction
The purpose of experiments was to explore the ability of thin-film material to
absorb

hydrogen,

to

maintain

mechanical

integrity

under

various

temperatures and pressures in an effort to produce films with optimum
hydrogen concentration and distribution. The experimental apparatus can be
used in further research on hydrogen storage materials, and other gas/solid
interactions.

A separate experimental setup was developed to evaluate

betavoltaic output power over temperature and time.
3.2 Hydrogen Loading System (HLS)
A system was needed that could accurately monitor the hydrogen absorption
process of metallic films, such as temperature, pressure and resistivity. For a
starting point, the system at Greenway Energy located in the Hydrogen
Research laboratory at SRNL was used to develop the following preliminary
specifications:
1) Develop a test reactor with a free volume of 25 cm3 that can withstand
high temperatures and pressures of 500°C and 69 bar (1000 psi), and be
temperature and pressure controlled.
2) Leak-proof tubing, fittings and valves.
3) Small control volume to provide better resolution for pressure
measurements.
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4) Wire feed-throughs for electrical measurements.
5) Accurate temperature, pressure, voltage and current measurements.
6) Calibration tests will be done with helium.
7) Research grade hydrogen (protium) will be used instead of tritium since
it behaves the same chemically. However, since the masses are much
different, tests will also be conducted with deuterium to provide a better
basis in predicting the performance of tritium.
From here, the design was an iterative process by building system with
available materials and components, evaluation and testing, and replacing
with specific components. Parts and components designed for high-pressure
systems with extremely low leak rates are expensive. Care was taken in
researching components and materials to ensure they satisfy physical and
system requirements. Accurate volume calculations are necessary, especially
at high pressures, in order to have the differential pressure transducer
operating within its working range. Experiments will consist of parametric
studies by varying pressure and temperature, and studies based on phase
diagrams. The loading system will be validated by a similar system developed
by Greenway Energy located at Savannah River National Labs.
Many lessons-learned were gained during the design and development of the
system.


The bolts on the Parr reactor need to be tightened using a torque wrench.
A custom crow’s foot socket had to be made to tighten the bolts with the
torque wrench.



Use ¼” tubing instead of 1/8”. It is more rugged and does not add much
volume in short lengths. Especially when using manually operated
valves.
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Use Swagelok welded or VCR fittings where extremely low leak rates
are required.



Use diaphragm valves instead of bellow valves in low leak rate
requirements. Arrow on valve indicates flow from high pressure to low
pressure.



NPT threads are the most difficult to seal. Using a combination of liquid
sealant and Teflon tape provided leak-tight connections.



In test where the reactor is heated, at least three thermocouples need to
be placed on the system (from hot to ambient) to determine temperature
gradient for accurate volume and pressure calculations.



Calculating hydrogen absorption works best when system is at one
temperature or when the start and ending temperatures are the same.



A valve before the Parr reactor is needed and must be closed prior to test
since hydrogen uptake can begin immediately.

The desired system

pressure without the Parr reactor volume will be found during
calibration with helium.


Samples do not have to be separated for loading as hydrogen will find
its way into the metallic films (Greenway 2012).



Since system is grounded to prevent sparks, the sample under the fourpoint probe needs to be insulated from the structure or the probes need
to be differential. Otherwise, bulk resistance will be measured which
could be advantageous by using frequency techniques to analyze films
that was developed by semiconductor research.



When calculating the amount of free volume in the design, assume the
valves are a straight tube to obtain close approximations.



Thermocouple junctions produce noise when twisted.
induction is preferred.

Welding by

An automotive lead-acid battery provides

necessary current to weld the junction. Twist wires together, connect
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other ends to positive battery, then touch twisted end on negative and it
becomes welded.


Swagelok port connectors cannot be tightened like tubing. Only a ¼
turn is necessary, not 1¼ turns.



High-Purity High-Pressure Diaphragm Valves are best for repetitive
opening and closing. About $100 more expensive but are Inboard helium
leak tested to a rate of 4×10–9 std cm3/s at the seat, envelope, and all
seals.



High pressure/temperature needle valves have a relatively high leak
rate of 0.0083 std cm3/s (0.5 std cm3/min). This is used near the Parr
reactor.



Analog data inputs to data acquisition unit (DAQ) need to be
twisted/shielded and guarded at one end. A 10 KΩ resistor needs to be
placed between the channel low (L) and analog ground (AGND).

3.2.1 System design
The schematic of the hydrogen loading system (HLS) is shown in Figure 3-1
and a description of the valves is provided in Table 3-1. The volume that is
measured in experiments is referred as the Control Volume, which consists of
volumes 3 and 4. The Reference Volume, volume 5, is used to provide a
constant reference pressure on the high side of the differential pressure
transducer (DPT). A 25 cm3 reservoir was added to increase the volume of the
Reference. A calibrated 317.5 cm3 reservoir is used as a starting point in
measuring the other volumes by successively open valves one at a time. The
volume between gas valves, vacuum valve and control volume is referred as
volume 2 and can be used to adjust pressure. Volumes A and S and small
volumes are used for fine pressure adjustments.
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Figure 3-1 Hydrogen Loading System Schematic
Table 3-1 Valve designations
Valve

Handle

Designation

Function

V1

White directional

Control valve

Closes off control volume

V2

Red lever

Parr reactor valve

Isolates Parr Reactor

V3

Orange Directional

Reference valve

Seals in reference pressure for DPT

V4

Green lever

Reservoir valve

Seals volume in supply reservoir

V5

Blue directional

Hydrogen valve

Allows hydrogen to enter

V6

Yellow lever

Helium valve

Allows helium to enter

V7

Orange lever

Subtract valve

Closes off vacuum and vent line

V8

Blue lever

Vacuum valve

Allows vacuum to be pulled

V9

White lever

Vent valve

Vents pressurized gas outside

V10

White lever

Low PT valve

Isolates 3.45 bar PT

V11

Red lever

Add valve

Closes off vacuum and vent line

A 25 cubic centimeter (cm3) Parr reactor was designed for hydrogen loading up
to 69 bar (1000 psi) and 500°C. The reactor is heated by a ceramic Watlow
heater controlled using an internal thermocouple. Swagelok tubing, fitting
and bellow valves are used to maintain and control a leak rate less than
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10-9 cm3/s. Two thermocouples, T1 and T2, are fastened on the tubing from the
Parr reactor to obtain the temperature gradient to calculate precise molar
concentrations. Two pressure transducers, 100 bar and 3.45 bar, were used to
monitor system pressure while a Honeywell Smart 3000 DPT with a range of
2.5 mbar to 1 bar was used to measure the change in pressure due to hydrogen
absorption. As a safety precaution to prevent static electricity from igniting
hydrogen and to remove noise from instrumentation, all components of the
system are grounded to Earth.
3.2.1.1 Operation overview
A typical hydrogen loading experiment consists of initial setup, test simulation,
test and data analysis. Experimental details and methods are provided in
Chapter 5.
In the initial setup, the samples, spacers and resistivity probe are placed in
reactor and sealed. Latex gloves are worn when handling samples to prevent
contamination. The system is always loaded with at least 1.5 bar of helium
when not in use to prevent contamination. After securing the reactor, its valve
is opened and the helium is evacuated from the system to a vacuum of 3 µbar.
Signal from pressure transducers and thermocouples are verified to be in
calibration. Volumes used in the loading test are calibrated with helium at
test pressure using a 317.5 cm3 supply reservoir as the starting point. The
valves used in the loading test are opened one at a time to measure volumes
by pressure drop and then checked for leaks.
A loading simulation is done with helium to obtain leak rates at higher
temperatures, to set the reference volume pressure, and to calibrate the
amount of pressure needed in volume 3 that will produce the desired pressure
when valve 2 to the reactor is opened. The system is loaded to the test pressure
with helium. Once correct pressure is obtained, helium is locked in volume 5
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for DPT reference. The system is evacuated, except for the reference leg of the
control volume and the supply reservoir. When Parr valve is opened, the
pressure should decrease to the same value as the reference, 0 or slightly above.
Volumes A and S, and vacuum are used are used for fine pressure adjustments.
Loading tests are started at room temperature and heated to test temperature,
or at the test temperature. Volumes 2 and 3 of the system are filled with
hydrogen and allowed to equalize. Data acquisition system is started to begin
temperature and pressure measurements. Valve 1 is closed to isolate the
control volume then the reactor valve 2 is opened to allow hydrogen to enter
the reactor. When the pressure stabilizes, the absorption process is done and
the system returned to room temperature. The amount of hydrogen absorbed
is determined by the difference in pressure before and after loading.
Depending on the type of experiment, temperature will have to be included in
calculations.
3.2.1.2 Reactor vessel
The reactor in Figure 3-2 was designed collaboratively with Parr instruments
to hold gasses, especially hydrogen, and certified up to 69 bar at 500°C. The
reactor is made of 316 stainless steel and interior is 1” diameter by 2” high
leading to a free volume of 25 cm3. The reactor is heated by a ceramic Watlow
heater controlled using an internal thermocouple. The top is removable and
held onto the reactor with six bolts that are tightened to 25 inch-pounds using
a torque wrench. A custom 7/16” socket was made to reach the bolts. The top
has four ports: pressure relief valve, Conax four-wire gland, thermocouple and
gas.

41

Figure 3-2 Parr Reactor Vessel
Output from the gas port is a ¼” stainless steel tube terminated by an analog
pressure gauge and valve.

Thermocouple probe enters vessel via a 1/8”

Swagelok NPT fitting and Conax multiple element sealing flange is mounted
to a standard ¼” NPT located on the top. A safety relief valve rated at 1000
psi is for safety to prevent over-pressure conditions.
Since it is necessary to minimize free volume, 316 stainless steel slugs were
made to reduce the free volume when experimenting. The diameter of the slugs
were 0.005” smaller than the reactor opening to prevent binding when the
reactor is heated, Based on the coefficient of expansion equations given in (3.1)
and (3.2), the reactor and slugs should expand at the same rates. In the
equations, Lo is the initial length, L us the expanded length, A is the expanded
area, α is the thermal coefficient of expansion, and ∆T is the temperature
difference in K or °C. In most cases, the last term on the right hand side of
equation (3.1) can be neglected.
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(3.1)

L = Lo (1 + aDT )

(3.2)

During experiments, the free volume needs to minimize to improve the
pressure difference measured by the DPT; this volume will be measured with
helium prior to hydrogen loading. Equation (3.3) is based on the ideal gas law
where pressure P is in Pascal, volume V is in m3, the gas constant R is 8.314
J/mol/K, and temperature T is in K.
DP = Dn

RT
V

(3.3)

The pressure difference ΔP is inversely proportional to volume and is
proportional to temperature and the amount of moles absorbed, Δn. Therefore,
pressure differential will always be the same regardless of the gas pressure.
To illustrate how the pressure difference changes with temperature and
absorption, calculations were made on loading thin film samples. Table 3-2
shows the pressure difference experienced in a free volume of 10 cc for the
hydrogen absorption in five films of scandium, titanium and palladium. The
dimensions of the film were the same, 1 cm2 by 500 nm thick.

The

stoichiometry for hydrogen in Sc and Ti is two while in Pd it one. At standard
pressure (1 bar) and temperature (0°C) (STP), hydrogen gas (H2) has a molar
concentration of 44.6 µmol/cm3.
At room temperature, Pd has the highest density of 12.03 g/cm3 of the three
but the samples exhibit the lowest pressure drop of 39.4 mbar because of the
1:0.6 stoichiometry. Titanium, with a density of 4.50 g/cm3 and stoichiometry
of 2, exhibits the greatest pressure difference of 58.2 mbar followed by Sc at
39.4 mbar, which resides to the left of Ti on the periodic table, but has a lower
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density of 2.99 g/cm3. At STP, the ratio of absorbed hydrogen versus gas for
Pd and Sc is over 1200 to 1, and for Ti is over 2000:1. At a temperature of
350°C, the pressure difference increased by over 100%. Though the increase
in pressure does not affect the pressure difference, it does reduce the solid to
gas ratio by over 50%.
Table 3-2 Pressure drop calculations for 5 samples 1 cm2 by 500 nm thick.
Thin-Film

Sc

Ti

Pd

Sc

Ti

Pd

Temperature (°C)

25

25

25

350

350

350

H2 gas pressure (bar)
H2 gas (mol/cm3)
Gas volume (cm3)

2
2
2
13
13
13
8.93E-05 8.93E-05 8.93E-05 5.80E-04 5.80E-04 5.80E-04
10
10
10
10
10
10

Film Volume (cm3)
# of moles in film

5.00E-05 5.00E-05 5.63E-05 5.00E-05 5.00E-05 5.63E-05
3.32E-06 4.70E-06 6.35E-06 3.32E-06 4.70E-06 6.35E-06

Stoichiometry (H:M)
Abs. (solid) H2 (mol)

2
2
1
2
2
1
3.32E-06 4.70E-06 3.18E-06 3.32E-06 4.70E-06 3.18E-06

Abs. (solid) H2 (mol/cm3)
Ratio of H2 abs./gas at P

0.066
744

0.094
1053

0.056
633

0.066
114

0.094
162

0.056
97

Ratio of H2 abs./gas at STP
ΔP (mbar)

1487
41.1

2105
58.2

1265
39.4

1487
86.0

2105
121.7

1265
82.3

The ratios of the hydrogen solid to gas concentrations for Sc, Ti and Pd are
plotted in Figure 3-3 versus gas pressure from 1 to 70 bar. Both axis were
plotted in log to form linear curves. Ti will always have the best absorption
followed by Sc and Pd. The amount of gas pressure needed to make the
absorbed and gas concentration equal for Sc, Ti and Pd is 1487 bar, 2105 bar,
and 1265 bar, respectively. Figure 3-4 shows that the differential pressure
becomes more pronounced as temperature increases. Thus, better resolution
can be achieved by raising the temperature, even if only part of the volume is
heated.
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H2 Solid concentration / gas concentration

H2 Concentration ratio of solid to gas
10000
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Ti

Pd

1000
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1
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100

H2 Gas Pressure (bar)

Figure 3-3 Ratio of absorbed hydrogen concentration to gas concentration
from 1 to 70 bar (14.7 to 1015 psi)

Pressure Difference as a Function of Temperature
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Figure 3-4 Pressure difference in mbar for complete hydrogen loading of five
samples of Sc, Ti and Pd from room temperature to 500°C, the limit of the
system

45
3.2.1.3 Temperature control and measurement
The Parr reactor was purchased with a dedicated heater and controller. Only
the vessel is heated using a controlled Watlow ceramic band heater within ±1ºC.
The Parr valve is located 6 inches away to prevent damage to the valve seats.
The thermal diffusion equation for adiabatic end given in (3.8) was used to
calculate the change in tube temperature versus distance. Equation (3.8) was
derived from equations (3.4), (3.5), (3.6) and (3.7).

q
cosh m(L - x )
=
qb
cosh mL

(3.4)

q º T - T¥

(3.5)

qb = q(0) = Tb - T¥

(3.6)

mº

hP
kAC

æ cosh m(L - x )ö÷
÷ + T¥
T (x ) = qb ´ çç
çè cosh mL ø÷÷

(3.7)

(3.8)

where h is the thermal convection coefficient in W/m·K, k is the thermal
conductivity coefficient in W/m2·K, P is the perimeter in m, Ac is the crosssectional area in m2, L is length of the tube (1 m), T∞ is the ambient
temperature (300 K), and Tb is the temperature of the vessel (773 K).
The cross sectional area comprises of only the tube diameter and wall
thickness. Calculations based on thermal diffusion in ¼” stainless steel tubing
indicate that the temperature drops from a high temperature of 500°C to below
34°C six inches away from the heat source as shown in Figure 3-5. According
to Swagelok user guides, most diaphragm valves need to be below 100°C to
prevent damage. Therefore, the distance from the reactor vessel to the valve
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could be reduced to 2.5”. A conservative distance of 5” was chosen to keep the
majority of the temperature gradient in the tube leading to the Parr valve.
Temperature distribution in 1/4", 0.035" wall, SS‐316 tube,
h=5W/m2∙K, k=17.4W/m∙K
500

Delta Temperature (K)

400

300

200

100

0
0

1

2

3

4

5

6

7

8

Distance from vessel (inches)

Figure 3-5 Adiabatic case for temperature drop from 500°C to 20°C in ¼”
316 stainless steel tubing with wall thickness of 0.035”

The temperature controller is programmable and can provide temperature
ramping and cycling. An RS-232 port provides connectivity to a PC to interface
to LabView. The internal temperature of the reactor is measured by a built-in
K-type thermocouple.

Two external thermocouples will measure the

temperature of the tube at 2.5” and 5” away from the reactor. Temperatures
recorded from the thermocouples are used to determine the temperature
gradient from the reactor to Parr valve. During test, room temperature will be
monitored and recorded, and the reactor vessel will be insulated for better
temperature control.

Temperature controller uses the reactor’s internal

thermocouple to adjust the temperature.
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3.2.1.4 Pressure Measurements
The system uses three transducers to measure absolute pressures of the
system and of the differential pressure between a reference pressure and and
the system. The system pressure is measured by two transducers, one for high
pressure (100 bar) and the other for low pressure (3.447 bar). A valve is used
to isolate the low pressure transducer during high pressure experiments to
prevent damage.

The DPT measures the change system pressure due to

hydrogen absorption in the films. The DPT’s accuracy of pressure changes in
the range of 40 mbar to 200 mbar is in the range of 15 µbar to 75 µbar,
respectively. A 69 bar gauge is used to monitor system pressure in the event
of a power failure. Transducers and gauge have ¼” NPT threads for mounting.
Differential Pressure Transducer (DPT):

Honeywell differential pressure

transmitter model STD120, ST 3000® Series 100, 0 to 1,000 mbar absolute.
-

Programmable down to 2.5 mbar full scale using a Smart Field
Communicator (SFC) and the procedure in Appendix B

-

Accuracy of 0.0375% full scale, (0.9375 µbar to 0.375 mbar)

-

Operating temperature range of -40 to 110°C

-

4 mA to 20 mA two wire output; requires resistor > 250 Ω

High Pressure Transducer:

Omega pressure transducer model PXM409-

100BA10V, PXM409 series, 100 bar maximum absolute
-

Accuracy of 0.08% full scale (80 mbar)

-

Operating temperature range of -45 to 121°C

-

0 to 10 Vdc output
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Low Pressure transducer: Keithley 2602B, 3.447 bar maximum, absolute
-

Accuracy of 0.05% full scale (1.724 mbar)

-

Operating temperature range of 15 to 71°C

-

0 to 10 Vdc output

3.2.2 System Assembly
The system is comprised of numerous components, fittings, tubing and valves.
Because the differential pressure transducer is so large, it was first mounted
to the Parr reactor platen using provided threaded inserts. Swagelok ¼” tube
fittings and thick walled tubing were used to connect components and valves.
Lengths were minimized to reduce free volume. Fittings were tightened per
Swagelok specification. Swagelok tube to NPT adapters were mounted on the
ports of the pressure transducer and differential pressure transducer. Liquid
sealant was used on the threads to prevent leaks. The system in Figure 3-6
was first built with spare tubing, fittings and valves obtained from Naval
Surface Warfare Center, Crane Division and the Metastable fluids and Fuel
Cell Research Laboratory (MFCRL). Pressure transducer, reactor and data
acquisition equipment were procured.
Tubing and fittings were changed as operating procedures and test methods
were developed. The data acquisition was temporarily setup to record one
temperature and outputs from the high pressure transducer and differential
pressure transducer.
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Figure 3-6 Initial hydrogen loading system developed for experiments

After assembly, a leak test was conducted with helium at a pressure of 120 psi
for eight hours at room temperature; the result is shown in Figure 3-7. The
DPT was programmed for 100 mbar full scale. The noise observed in the high
pressure reading is noise from poor grounds and fluorescent lighting ballasts.
A good Earth ground will eliminate this noise. Leak rates are calculated using
the equation given in (3.9) where ∆P is the difference in differential pressure
readings at the beginning and end of the test, Pamb is the ambient pressure, V
is the free volume in cm3, and t is the time in seconds.

LR (cc / s ) =

DP
V
´
t
Pamb

(3.9)
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Figure 3-7 Leak test after initial assembly

With a free volume of 10 cm3, the leak rate was calculated at 0.007 cm3/s, which
are about 6 orders of magnitude too high. The root cause of the leak was
determined using a soap solution. The NPT fitting on the low side of the
differential pressure transducer was not tightly sealed, so the connections were
redone using a combination of Teflon tape and liquid sealant. After checking
the other connections and letting the system set for a day, the system was
evacuated to a vacuum of 2.2 x 10-3 torr (3 x 10-6 bar), wrapped in heat tape,
and baked at 150°C for eight hours. The purpose of the baking was to cure the
liquid sealant and burn off contaminants inside the fittings, tubing and valves.
Another leak test was conducted with helium at a pressure of 120 psi for eight
hours at room temperature. The system still leaked, but not as bad. The leak
rate was still 3 orders of magnitude too high. Numerous leak tests were run
after retightening or replacing fittings, removing pressure transducer and
removing the Parr reactor in an effort to isolate the leak.

Though the
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improvement reduced the leak rate, the leak rate was still too high. The fitting
for the 69 bar gauge leaked so it was removed and placed before the control
volume.
Finally, the main system valve, V1, was discovered to be leaking. In previous
tests, the back pressure on valve V1 was released. This time, the back pressure
was brought back and the leak stopped. The DPT in the 100 mbar mode
showed no change after 30 minutes.

After conversing with Swagelok’s

technical support, it was decided to discard the used valves and fittings and
replace with new Swagelok welded and VCR fittings, and diaphragm valves.
All parts were received and are currently being installed. The wire hangers
that were used to support the tubing and valves were not rigid enough allowing
pressure lines to sway. A steel frame was constructed on the lab bench to
secure tubing, valves, and reactor platen.
The new system, shown in Figure 3-8, is more compact and easier to access
valves. The leak rate after improvements was less than 1 x 10-6 cm3/s with the
parr reactor and less than 1 x 10-7 cm3/s at a system pressure of 3.4 bar.
However, the introduction of Swagelok VCR fittings and diaphragm valves
increased the control volume to ~41 1 cm3, four times higher than the goal of
10 cm3.
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Figure 3-8 Final hydrogen loading system developed for experiments

3.2.3 Data Acquisition System
The data acquisition system (DAS) comprises of a data acquisition device,
personal computer (PC), Measurement Computing USB-2408 data acquisition
device, software and cabling. All monitor wires are 24 gauge shielded twisted
pair with the shield terminated at the measurement unit inputs.
acquisition device is connects to the PC via USB cable.

Data

Components are

grounded to Earth ground to remove noise from the measurements.
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The USB-2408 data acquisition device has 16 analog inputs, eight digital
inputs/outputs (I/O) and two counters.

Maximum sampling rate is 1000

readings per second. The channels can be configured for 16 single ended inputs
or eight differential inputs. In the system, it is configured for eight differential
inputs. Each channel has 24-bit resolution with 40 µV accuracy. Channels can
be set to measure volts or thermocouples. The unit contains a built in reference
thermocouple for temperature measurements. The differential channel inputs
and settings are provided below in Table 3-3. The interior reactor temperature
was measured using the controller’s thermocouple
Table 3-3. USB-2408 Differential Channel Settings
Channel

Type

Range

0

Volt

±5 V

1

Volt

±10 V

2

Volt

±10 V

3

Thermocouple

J-type

Parr Reactor Interior Temperature

4

Thermocouple

K-type

Parr Reactor Exterior Temperature

5

Thermocouple

K-type

Temperature at Parr valve

6

Thermocouple

K-type

Temperature of DPT

7

------

---

Unused

Input
Differential Pressure Transducer
4–20 mA output, 273.4 Ω shunt
High (100 bar) Pressure Transducer
0 -10 Vdc output
High (3.45 bar) Pressure Transducer
0 -10 Vdc output

TracerDAQ® software ran in strip chart is currently being used to record and
display data during tests. A graphical user interface (GUI) was developed in
LabView and is shown in Figure 3-9. The GUI will control and display inputs
from the USB-2408, reactor temperature controller, and Keithley 2602B source
measurement unit (SMU) used in resistivity measurements.
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Figure 3-9 Graphical user interface developed in LabView for HLS
Real-time temperatures and pressures are graphed is separate plots. Plots
automatically scale for time and measurement.

Since the DPT range is

programmable and the output signal is measured from a resistor connected
between the mA outputs, inputs for pressure range and resistor value are
provided. The sampling rate can be adjusted by one input. Multi sampling
rates are being added to sample faster during the inrush of hydrogen, then
slowing down for steady state processes.

Data acquired is automatically

recorded to data file input before starting the test.
3.2.4 System Operation
Refer to Figure 3-1 and Table 3-1 on page 38 for the following procedures.
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3.2.4.1 System Cleaning
Periodically, the system was cleaned to remove contaminants. Regulators on
gas cylinders were closed, and with all the valves open, except for V9, the
system was purged to 2.2 x 10-3 torr (3 µbar) using a vacuum pump. Heat tape
was wrapped around the system and system was baked at 150ºC for 2 days.
The system was periodically purged to a vacuum to remove contaminants.
After cleaning system, it was filled with about 1.5 bar of helium when not in
use to prevent contamination.
3.2.4.2 Sample Setup
At first, up to six sample coupons were to be loaded in the reactor at the same
time. However, the increase in control volume requires at least 12 samples in
order to obtain a measureable pressure drop. Samples were handled wearing
latex gloves and vacuum pens to prevent damage and contamination. The fourwire ceramic probe will set on the top-most thin film for in situ resistivity
measurements during loading experiment.
3.2.4.3 Leak Rate Test
The leak rate test will be done before and after each experiment. Assemble the
Parr reactor with slugs and test samples. Secure reactor lid by tightening bolts
to a torque value of 25 in-lbs. Open main control valve V1, Parr valve V2 and
reference valve V3. Valves V5, V7 are closed. Adjust the regulator on the
helium cylinder to the pressure that will be used in the experiment, and open
V6 to load the helium. If test pressure >3.45 bar, close valve V12, the low
pressure transducer. Close the Parr valve V2 and then the reference pressure
valve V3. Record the differential pressure for 10 minutes at room temperature.
Compute the leak rate using equation (3.9) and verify it is less than 10-9 std
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cm3/s. Open Parr valve V2 and record pressure for another 10 minutes to
ensure reactor is not leaking, and compute the leak rate again.
3.2.4.4 Volume Calibration
After loading samples and securing the reactor, the reactor valve is opened and
the helium is evacuated from the system to a vacuum of 3 µbar. The system is
refilled with helium to the pressure that will be used in the loading test. The
valve to 317.5 cm3 supply reservoir is closed to lock in this pressure. The
system, except for the supply reservoir, is evacuated again to vacuum. Valves
2 and 3 are closed to isolate the reference volume 5 and reactor volume 4 (refer
to Figure 3-1 on page 38). Because hydrogen may begin absorbing immediately,
the valve in front of the reactor needs to be closed until the experiment starts.
Therefore, volumes need to be measured accurately in order to set starting
pressure. By using the volumes calculated from systematic pressure drops
during calibration, the initial pressure with the Parr valve closed is calculated;
when the valve is open, the reactor will fill and the desired pressure, the
pressure of the reference, will be obtained. The calibration process shown in
Figure 3-10 was conducted for every test.

Before filling the system with

hydrogen, the ratio of volume 3 to volume 4 was repeated at least three times
with helium at the test temperature.
The only volume that should change is the reactor volume.

Changes in

pressure at various temperatures follow the changes in moles of gas according
to equation (3.10).

Dn =

DP
P

éV
ù
ê 1 + V2 + .... + Vn ú
êT
Tn úûú
ëê 1 T2

(3.10)
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Step
1
2
3
4
5
6
7

Location

PT Voltage (V)

Vol 1
Vol 123
Vol 23 (Vol 123 ‐ Vol 1)
Vol 1234
Vol 4 (Reactor) (Vol 1234 ‐ Vol 123)
Vol 12345
Vol 5 (DP Ref) (Vol 12345 ‐ Vol 1234)
Vol 35
Vol 3 (Vol 35 ‐ Vol 5)
Vol 345
Vol 4 (Reactor)
Vol 2345
Vol 2

Volume
(cm3)

7.874
6.960
6.658
5.892
3.755
3.094
2.690

ratio V34/V3 Vol 3
Vol 34
Vol 34/ Vol 3

317.50
359.19
41.69
375.49
16.29
424.30
48.82
76.60
27.78
92.96
16.36
106.92
13.96
41.69
57.99
1.3908

Figure 3-10 System volume calibration
Because most measurements will be at the same temperature, the above
equation is reduced to equation (3.11).

(

)

VbeforePbefore = Vbefore +Vafter Pafter

(3.11)

Therefore, the unknown volume is found using equation (3.12).
éP
- Pafter ùú
Vafter = Vbefore êê before
ú = Vbefore
Pafter
êë
úû

éP
ù
ê before - 1ú
êP
ú
êë after
úû

(3.12)

The following steps detail the calibration procedure. Volume calibrations will
be conducted with a low pressure (3.45 bar) and a high pressure (10 bar)
starting point. Do not heat reactor when performing an initial calibration.
1. With valves V5, V6, and V9 closed, open valves V1, V2, V3, V4, V7, V8,
and V11. If low pressure test at <3.45 bar open V10, otherwise keep it
closed. Turn on the roughing pump to evacuate the system and let run
for a minute. Close V7 before turning off pump.
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2. Set helium regulator to calibration pressure and turn on, then open V6
and V11 to fill the system. When pressure stabilizes, close valves V6
and V10 then record pressure and temperature on spreadsheet.
3. Turn pump on, and open V7 to pull a vacuum on all but calibrated
reservoir. Close open valves V1, V2, V3, V4, V7, V8 and V11.
4. Open V10 to measure the rest of the reference pressure volume (volume
5). Wait a few seconds for the pressure to stabilize then record the
pressure and temperature under “Vole 5” in the spreadsheet.
5. Open V3 to measure volume 5. Wait a few seconds for the pressure to
stabilize then record the pressure and temperature under “ Vole 3” in
the spreadsheet.
6. Open V2 to measure reactor volume (volume 4). Wait a few seconds for
the pressure to stabilize then record the pressure and three
temperatures under “ Vole 4” in the spreadsheet. Volume calculated is
corrected for temperature gradient developed from heating reactor.
7. Open V1 to measure volume 2, the free space before the control volume.
Wait a few seconds for the pressure to stabilize then record the pressure
and three temperatures under “ Vole 2” in the spreadsheet.
8. Open V4 to measure volume 1, the supply reservoir. Wait a few seconds
for the pressure to stabilize then record the pressure and temperature
under “ Vole 1” in the spreadsheet.
9. Open valve V11 to measure volume A that is used to make fine pressure
adjustments. Wait a few seconds for the pressure to stabilize then
record the pressure next to “Volume A P (bar)” in the spreadsheet.
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10. Open V7 to measure volume S, the fine adjustment to decrease
pressure. Wait a few seconds for the pressure to stabilize then record
the pressure next to “Volume S P (bar)” in the spreadsheet.
11. Evacuate system by opening valves V7 and V9.
12. Repeat two more times at same starting pressure.
3.2.4.5 Hydrogen absorption experiments
A simulation was performed with helium prior to actual test with hydrogen.
Heat Parr reactor to loading temperature before starting. If a temperature
ramp from room temperature is used, perform following at room temperature.
Because hydrogen will begin absorbing immediately, the valve in front of the
reactor needs to be closed until the data acquisition starts.
1. With valves V5, V6, and V9 closed, open valves V1, V2, V3, V4, V7, V8,
V10 and V11. If low pressure test at <3.45 bar open V12, otherwise keep
it closed. Turn on the roughing pump to evacuate the system and let
run for a minute. Close V7 and V8 before turning off pump.
2. Adjust regulator on helium cylinder to the desired loading pressure.
Open V6 to allow helium to enter. If pressure reading from transducer
is slightly low, increase the regulator until pressure is a little above the
desired. Allow pressure to stabilize then close V6 and V11. If pressure
is slightly high, use volume S valves 7 and 9 to slowly bleed off the
pressure. If pressure is low, use volume A valves 6 and 11 with possibly
higher pressure to slowly increase.

When the correct pressure is

achieved, record final pressure and close valve V3 to lock in the reference
pressure.
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3. Open V7 and V9 to evacuate the helium pressure. Close V9 and open
V8 and turn pump on to pull a vacuum on the system. Close Parr valve
V2, then close V7 and and V8 before turning pump off.
4. Use the volumes found in calibration spreadsheet to calculate the
pressure of the system minus the reactor volume; if the reactor volume
is 10% of the system volume, the pressure will need to be increased by
10%. The spreadsheet will calculate the pressure.
5. Open V6 and V11, and adjust regulator on helium cylinder to the
calculated pressure using the pressure transducer reading.

Allow

pressure to stabilize then close valves V6 and V11. Use volumes A and
S to make fine pressure adjustments as stated in step 2. Allow pressure
to stabilize then close V1 to isolate the experiment control volume.
6. Open V2 to allow helium to enter the reactor. The reading on the DPT
should be a little above zero, not less. If not, note the value in the
spreadsheet and repeat by evacuating and reloading with helium
beginning with step 3. Continue to step 7 when the correct pressure is
obtained and recorded.
7. Open valves V2, V7 and V9 to evacuate the helium pressure; V3 should
still be closed with reference volume filled with helium. Close V9 and
open V8 and turn pump on to pull a vacuum on the system. Close Parr
valve V2, then close V7 and and V8 before turning pump off.
8. Open V5 and V11. Adjust regulator on hydrogen cylinder to the value
obtained in step 6 using the pressure transducer reading.

Allow

pressure to stabilize then close valves V5 and V11. Use volumes A and
S to make fine pressure adjustments as stated in step 2. Allow pressure
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to stabilize then close V1 to isolate the experiment control volume and
turn off the hydrogen regulator.
9. Start the data acquisition system and open V2 to allow hydrogen to
enter the reactor. Start temperature ramp to heat reactor if used.
10. Observe the readings on the DPT to determine when loading starts and
stops. When the reading from the DTP stabilizes, the loading process is
finished. Allow reactor to return to the initial temperature then stop
the data acquisition system and save the data. The amount absorbed is
calculated from the pressure drop of the DPT.
11. Open V1, then V7 and V9 to release the hydrogen outside the building.
Slowly open reactor valve V2 to release the hydrogen and V3 to release
the helium stored in the reference volume. Close V9 and open V8, and
turn on the roughing pump to pull a vacuum. Close V1 until the reactor
is ready to be opened.
Figure 3-11 shows a hydrogen loading test run for scandium films at SRNL
(Cabauy, Greenway et al. 2011). Scandium films were placed in the reactor
and filled with 13.3 bar of hydrogen. The reactor was heated from room
temperature to 350°C in six hours to begin the absorption process. Apparently,
contamination on the Sc films prevented activation or surface reactions from
occurring at room temperature. At 320°C, the the pressure drop indicated the
films began absorbing hydrogen. After four hours, the pressure leveled off
indicating the films were loaded. The reactor’s temperature was decreased
back to room temperature and the difference in pressure at the beginning and
end is the amount of hydrogen that was absorbed.
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Figure 3-11 Typical loading profile for scandium (Cabauy, Greenway et al.
2011)
3.3 Resistivity Probe and Measurement
3.3.1 Introduction
What happens to the films during the loading process at high temperatures
and pressure are not well understood. To better understand the hydrogen
absorption phenomena in thin films, electrical characteristics can be monitored
during the loading process. Resistivity is a measurement that can provide
useful information about the film as it hydrides, such as interface contact,
number of conduction electrons, and surface contamination. Measurements
will be conducted on samples before and after hydrogen experiments.
3.3.2 Resistivity
Resistivity ( ) is defined as a material property in is Ω-m, much different from
resistance in Ω. For example, wires of the same materials, irrespective of their
shape and size, have the same resistivity. However, a long, thin wire has a
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much larger resistance than a thick, short wire. A physical representation is
provided in Figure 3-12 (Wikipedia 2012).

Figure 3-12 Resistivity physical diagram (Wikipedia 2012)
Resistivity was derived from the drift current density given by equation
(3.13). The electric field E, in voltage per length (V/ℓ), is related to the current
density J, in current per area (I/A) by the conductivity σ, in conductance (S)
times area per length (S·ℓ/A).

J = sE



I
V
=s
A


(3.13)

Conductivity is the net charge of majority carriers (electrons) and minority
carriers (holes) where q is electric charge (eV), µn and µp is the mobility of
carriers in (m2/V/s), and n and p are carrier concentrations.

s = q (mnn + mp p)

(3.14)

The resistivity is the inverse of conductivity and is given by the formula in
(3.15)where R is the electrical resistance in ohms (Ω), l is the length in meters
(m), and A is the cross-sectional area in square meters (m²). Resistivity is the
resistance times the ratio of the cross section area and the length between
leads.
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(3.15)

In metals that are conductive, resistivity increases with temperature while for
intrinsic semiconductors, the resistivity decreases with temperature (Valdes
1954). The unit for resistivity ( ) is Ω-m, but in nanotechnology, other units
are often used. Conversions can be confusing and common ones are provided
in equ. (3.16).
1mW ⋅ cm = 10-6 W ⋅ cm = 10-8 W ⋅ m

(3.16)

3.3.3 Four-wire Measurements
The four-point probe method, shown below in Figure 3-13, is commonly used
to make resistivity measurements to avoid errors from voltage drops in the test
leads and at the contacts. Each contact is separated by same distance, s. It is
important to locate the probe in the center of the sample, and that the same
amount of contact force is made for each measurement. Current is sourced
through the outer contacts and the voltage drop is measured by the inner
contacts.

I
V

s

s

s

Figure 3-13 4-point probe for resistivity measurements
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For bulk materials, the formula for resistivity given in equation (3.17) has been
reduced where the ratio of area/length is replaced by 2πs (Smits 1958).
r = 2ps

V
= 2psR
I

(3.17)

When the film thickness is known, the resistivity can be calculated by
multiplying the sheet resistance Rs. by the film thickness. Sheet resistance is
the ratio of resistivity and thickness is calculated by the equation given in
(3.18). Note that the units are as ohms per square (Ω/sq or Ω/ ).
Rs =

r
A
=
R
t
 ⋅t

t s

(3.18)

When the thickness of the film is much less than the spacing of the probes, t ≪
s, sheet resistance needs to be modified by three correction factors CFx shown
in equation (3.19) to account for shape, thickness and temperature.
Rs = 2psC F 1C F 2C F 3

V
I

t s

(3.19)

Respective coefficient factors are given in Table 3-4, Table 3-5 and Table 3-6.
To measure a 1 cm2 that is 500 nm thick, with probe spacing s= 2 mm, CF1=
4.5324, CF2= 1, and CF3= 1 at 23°C. The correction factor was not found for
temperatures greater than 30°C. For all thin film samples less than 40 µm
thick, the equation for resistivity and corresponding sheet resistance is
reduced to equation (3.20).
æ
Vö
r = t ⋅ Rs = t ⋅ çç4.532 ⋅ ÷÷÷
çè
I ÷ø

(3.20)

For conductive substrates, such as stainless steel, the resistivity of the
substrate must be accounted for in the above equations. The resistance of the
substrate side will also be measured to calculate the resistivity of that side.
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Table 3-4 Shape and size Correction Factor (CF1); D is width or diameter
D/s
1
1.25
1.5
1.75
2
2.5
3
4
5
7.5
10
15
20
32
40
∞

Circle

2.2662
2.9289
3.3625
3.9273
4.1716
4.3646
4.4364
4.4791
4.5076
4.5324

Square

Rectangle L/W=2

2.4575
3.1127
3.5098
4.0095
4.2209
4.3882
4.4516
4.4878
4.512
4.5324

1.4788
1.7196
1.9475
2.3532
2.7000
3.2246
3.5749
4.0361
4.2357
4.3947
4.4553
4.4899
4.5129
4.5325

Rectangle L/W=3
0.9988
1.2467
1.4893
1.7238
1.9475
2.3541
2.7005
3.2248
3.5750
4.0362
4.2357
4.3947
4.4553
4.4899
4.5129
4.5325

Rectangle L/W=4
0.9994
1.2248
1.4893
1.7238
1.9475
2.3541
2.7005
3.2248
3.5750
4.0362
4.2357
4.3947
4.4553
4.4899
4.5129
4.5324

Table 3-5 Sample Thickness Correction Factor (CF2)
CF2
1.000
0.9995
0.9974
0.9948
0.9896
0.9798

t/s
<0.4
0.400
0.500
0.555
0.625
0.714

Table 3-6 Temperature Correction Factor (CF3)
Ω-cm
T (°C)
10
12
14
16
18
20
22
23
24
26
28
30

<20
Ω-cm
0.9010
0.9140
0.9290
0.9440
0.9596
0.9758
0.9920
1.0000
1.0080
1.0248
1.0410
1.0606

21~50
Ω-cm
0.9020
0.9138
0.9275
0.9422
0.9582
0.9748
0.9915
1.0000
1.0078
1.0248
1.0440
1.0600

51~120
Ω-cm
0.9012
0.9138
0.9275
0.9425
0.9580
0.9750
0.9920
1.0000
1.0080
1.0251
1.0428
1.0610

>121
Ω-cm
0.9006
0.9140
0.9278
0.9428
0.9582
0.9750
0.9922
1.0000
1.0082
1.0252
1.0414
1.0612
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Resistivity measurements have been conducted on films at low temperatures
and pressures to understand the thermodynamic properties, but not at high
temperatures and pressures. As hydrogen concentration increases in Pd, the
resistivity increases as a result of induced stress in the film and the lower
solubility of hydrogen, and can be used to indicate when the film buckles or
delaminates (Wagner and Pundt 2010). The resistivity of materials used to
produce tritiated substrates is summarized below in Table 3-7 (Nowicka 1997;
AmericanElements 2013).
Table 3-7 Resistivity values (Nowicka 1997; AmericanElements 2013)
Material
Titanium
Titanium
Scandium
Scandium
316 SS
Pd-800Å
Pd-bulk
Palladium
Palladium
Palladium
Palladium
Silicon
Silicon
Silicon

Thickness
(nm)
100
100
100
100
100
50
50
50
50
50
50
500000
500000
500000

T (K)
273
293
295
293
293
293
293
273
293
300
500
293
293
293

Resistivity (ρ)
Ω-cm
3.90E-05
4.20E-05
6.10E-05
5.62E-05
6.90E-05
1.27E-05
1.00E-05
9.78E-06
1.05E-05
1.08E-05
1.79E-05
6.40E+04
10.00
600.00

t (cm)
1.00E-05
1.00E-05
1.00E-05
1.00E-05
1.00E-05
5.00E-06
5.00E-06
5.00E-06
5.00E-06
5.00E-06
5.00E-06
5.00E-02
5.00E-02
5.00E-02

Rsheet
ohms/square
3.90
4.20
6.10
5.62
6.90
2.54
2.01
1.96
2.11
2.16
3.59
1.28E+06
2.00E+02
1.20E+04

3.3.4 Resistance Measurements
In order to make in situ electrical measurements, a four-wire 24-gauge Conax
gland was inserted to the lid of the Parr reactor. A probe, shown in Figure
3-14, was made on a ceramic disc slightly less than 1” diameter. Ceramic is a
great insulator that will not warp at 500°C. An 8 mm diameter hole was bored
in in the ceramic disc. Four gold-plated pins were set in a line spaced 2 mm
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apart. A high temperature ceramic epoxy was used to fill the hole and secure
the pins so that they protruded 1 mm below the surface of the ceramic disc.
The wire were inserted behind the pin and crimped since solder would melt.
To ensure consistent measurements from test to test, four bumpers were
placed near the edge of the ceramic disc, and a stainless steel washer is placed
on top of the ceramic probe to apply a uniform pressure.

6 mm

Figure 3-14 Resistivity Probe

Resistance measurements are taken by a Keithley dual channel source
measurement unit (SMU) 2602B. The unit is interfaced with PC by Ethernet.
Measurements are presently executed using a Keithley TSP (Test Script
Processor) Express software tool. Current is injected is sourced and voltage is
measured.
3.3.5 Results
3.3.5.1 Preliminary measurements
The sheet resistance was measured on both sides of a 0.5 mm silicon substrate
with a deposition of Pd 50 nm/Ti 5 nm on one side. Resistance was measured
by applying voltage in 100 steps from 0 V to 40 V while measuring current.

69
The sheet resistance was calculated from equation (3.20) using the resistance
obtained from the I-V curve shown in Figure 3-15. For a sheet resistance of
248 kΩ/ on the Si side, the resistivity is 12.4 kΩ-cm. Above 200 µA, the sheet
resistance was a constant 248 kΩ/ . The reported resistivity of 64 kΩ/ shown
in Table 3-7 is about 5 times higher than the measured value. The lower
resistivity can be attributed to condensation.

I‐V plot of Si side of 50 nm Pd sample
40
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6.E‐04

5.E+04
0.E+00
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3.E+05

45

Current (A)

Figure 3-15 Resistance measurement on Si side of 50 nm Pd sample on 0.5
mm Si substrate

The I-V graph of the 50 nm Pd side is shown below in Figure 3-16. The sheet
resistance increased with applied current from 150 Ω to 331 Ω.

The

corresponding resistivity values for t = 50 nm ranged from 6.86 µΩ-cm to 16.5
µΩ-cm; the reported resistivity for Pd is 10.54 µΩ-cm. The change in resistance
with current may be due to contaminants on the film since they have set for 2
years without cleaning.
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Figure 3-16 Resistance measurement on Pd side of 50 nm Pd sample
on 0.5 mm Si substrate

3.3.5.2 Hydrogen loading resistance measurements
Resistivities were measured on palladium films before and after hydrogen
absorption.

Maintaining good contact on measurements during hydrogen

loading proved difficult and could not be done.
Measurements for Pd 50 nm and Pd 250 nm films are summarized in Table
3-8. Though the resistances of of PdH films were similar, the resistivities for
250 nm films were 5 times higher than for 50 nm films. Reported values
indicate that the resistivity of 50 nm film is 20 percent higher than the 250 nm
film. The measured values for the 250 nm were also 5 times higher while the
50 nm films were lower than reported by 30 percent (Nowicka 1997).
The average measured resistivity of 3.73 kΩ-cm on the Si surface was 20 times
lower than the expected value of 6.40 kΩ-cm. The samples have been loaded
repeatedly with hydrogen which will lower the resistivity due to hydrogen
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passivation of silicon (Zaidi, Hadjoudja et al. 2014). Though hydrogen was
desorbed from the films at 350°C, the temperature was not high enough to
desorb hydrogen from silicon.
Table 3-8 Resistivity measurements of Pd films

Rs (Ω/sq.)

Measured
ρ
(Ω-cm)

Reported
aρ
(Ω-cm)

5.00E-06

2.90

1.45E-05

2.16E-05

PdH

5.00E-06

2.99

1.50E-05

2.16E-05

PdH

5.00E-06

3.53

1.77E-05

2.16E-05

PdH

5.00E-06

2.91

1.45E-05

2.16E-05

PdH

5.00E-06

2.95

1.47E-05

2.16E-05

Pd

2.50E-05

2.26

5.66E-05

1.05E-05

Pd

2.50E-05

2.42

6.05E-05

1.05E-05

Pd

2.50E-05

2.36

5.89E-05

1.05E-05

Pd

2.50E-05

2.36

5.89E-05

1.05E-05

PdH

2.50E-05

3.19

7.98E-05

1.79E-05

PdH

2.50E-05

3.22

8.04E-05

1.79E-05

PdH

2.50E-05

3.13

7.82E-05

1.79E-05

PdH

2.50E-05

3.18

7.95E-05

1.79E-05

Si

5.00E-02

1.57E+05

7.86E+03

6.40E+04

Si

5.00E-02

3.26E+04

1.63E+03

6.40E+04

Si

5.00E-02

3.31E+04

1.65E+03

6.40E+04

Si

5.00E-02

3.14E+04

1.57E+03

6.40E+04

Si

5.00E-02

1.19E+05

5.94E+03

6.40E+04

Film
Material

t (cm)

PdH

Table 3-9 shows the average resistance and resistivity values Pd and PdH
along with expected values. The PdH 250 nm films showed an increase in both
sheet resistance and resistivity by a factor of 1.35 from Pd films. At an H to
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Pd loading ratio of 0.6, the sheet resistance peaks at 1.7 times the value of Pd
only. In hydrogen loadings less than and greater than 0.6, the sheet resistance
decreases (Nowicka 1997). In Ti films, the opposite occurs where the sheet
resistance decreases with hydrogen concentration down to a value of 0.7 of pure
Ti at an H to Ti ratio of 2.
Table 3-9 Comparison of resistivity in Pd and PdH films
Film
Material

t (cm)

Rs (Ω/sq.)

Measured
ρ (Ω-cm)

Reported
ρ (Ω-cm)

Pd Avg.

2.50E-05

2.35

5.87E-05

1.05E-05

PdH Avg.

2.50E-05

3.18

7.95E-05

1.79E-05

1.35

1.35

1.70

PdH/Pd
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CHAPTER 4.

HYDROGEN ABSORPTION EXPERIMENTS

4.1 Introduction
The first part of this section describes how the samples were prepared and
modified in an effort to improve hydrogen loading characteristics. The second
part describes the different type of hydrogen loading experiments that are
conducted.
4.2 Thin-film Samples
Metallic films of Ti and Pd, ~300 nm thick were deposited on stainless steel
foils and semiconductor substrates. Films are stored waffle trays to prevent
damage, then in hermetically sealed containers with desiccants to minimize
contamination. Prior to loading, the samples were cleaned by baking at 350°C
in a vacuum for a minimum of 4 hours. Depending on the free volume of the
absorption chamber, six to 12 samples will be loaded at the same time to obtain
a pressure reading with a minimum resolution of 10% full scale of the DPT.
Films of Pd thicknesses of 50 nm, 150 nm and 250 nm were fabricated in 2010
by chemical evaporation onto 4” silicon wafers 500 µm thick. Two wafers of
each Pd thickness were diced into ~40 1.5 cm2 coupons. The coupons were
cleaned with acetone, then ethanol and finally rinsed with distilled water. The
Si surface oxidizes readily and can be removed by soaking in a hydrofluoric
acid solution.
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Titanium films ~300 nm thick were deposited by sputtering Ti on GaAS
substrates 125 μm thick. These films were prepared by City Labs, Inc and
are similar to the ones contained in the two working betavoltaics. Fourteen
new and 6-month old films were obtained.
4.3 System Operation
The hydrogen loading system operated well and required a few modifications
to improve volume calibration, temperature stability, and reactor leakage.
4.3.1 Volume calibration
The original calibrated 25 cm3 reservoir that was used to measure the other
volume chambers of the system was replaced with a much larger reservoir of
317.5 cm3. The larger reservoir was calibrated by filling with a known quantity
of acetone and then empting into a graduated cylinder; procedure was repeated
5 times. Acetone was used instead of water due to its lower surface tension.
The volume calibrations exhibited consistent measurements at room
temperature and pressures below 5 bar. Pressures above 5 bar were not used
in calibration because higher pressures experience compression and require
the use of van der Walls equation for real gasses. The calibration results for
for one experiment provided below in Table 4-1.
Table 4-1. System volume calibration
System Location
Vol 1

Volume (cm3)
317.50

Vol 2

14.01

Vol 3

27.78

Reactor Volume Vol 4

13.62

Vol 5
Absorption volume Vol
34

48.62
41.40
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Only the reactor volume (Vol 4) changes from experiment to experiment.
Stainless steel slugs were used to reduce the free volume of the reactor. In a
typical experiment using 12 Pd specimens, the free volume of the reactor plus
tubing to valve was reduced to 13.62 cm3; the head of the reactor has a free
volume of 10 cm3 due to the gas, thermocouple and conax gland ports.
H2 @ stp (1 bar)

Hydrogen Data

mol/L
mol/cc
1 mol =
1 cc =
R (cm3 MPa)/(K mol))
Volume (cc)
Na

Constants

Material data
M (g/mol)
ρ (g/cc)
N (a/cc)

Film Volume

Pd
106.42
12.023
6.80E+22

Volume of gas
used based on
pressure

8.314 J/K-mol
10
6.02E+23 a/mol
Ti
47.88
4.50
0.00E+00

Sc
44.956
2.985

Si
28.0855
2.33
0.00E+00

sample 2
sample 3
Thin film dimensions sample 1
Length (cm)
1
3
3
Width (cm)
1
1
1
Heigth (nm)
500
300
82.5
Volume (cc)
5.00E-05
9.00E-05 2.48E-05
Material
M (g/mol)
ρ (g/cc)

# mol H2 absobed

22.4
22400
22400 cc
4.1E-05 mol

Sc
44.956
2.985

Ti
47.88
4.50

Pd
106.42
12.023

# of moles in film
stoichometry (H:M)
mol of H2 absorbed
Number of samples

3.32E-06
2
3.32E-06
10

8.46E-06
2
8.46E-06
6

2.80E-06
0.6
8.39E-07
6

H2 pressure (bar)
H2 pressure (psi)
H2 mol/cc
Total mol of H2 absorbed in film
Vol of gas used (cc)

1
14.50
4.1E-05
3.32E-05
8.12E-01

0.933
13.53
3.8E-05
5.08E-05
1.33E+00

0.933
13.53
3.8E-05
5.03E-06
1.32E-01

Temperature (C)
Temperature (K)
Free volume (cc)
Free volume (m^3)
Number of mols in Vol
delta P (Pa)
1 bar/Pa =
delta P (bar)
delta P (mbar)

25
298.15
41.4
4.14E-05
1.7E-03
4.70E+02
1.00E-05
4.70E-03
4.70

25
25
298.15
298.15
41.4
41.4
4.14E-05 4.14E-05
1.6E-03
1.6E-03
3.04E+03 3.01E+02
1.00E-05 1.00E-05
3.04E-02 3.01E-03
30.39
3.01

Figure 4-1 Calculations of hydrogen absorption based on full
loading capabilities: no contaminants.
When combined with volume 3 to form the absorption volume that is monitored
during loading experiments, the total volume is 41.40 cm3, which is four times
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higher than the design goal. The dramatic increase in volume 3 is due to the
use of diaphragm valves and VCR fittings, which are needed for shut-off and
isolation. This means that measured pressure drop was reduced by a factor of
4. Therefore, the number of samples had to be increased. Calculations of the
amount of hydrogen uptake for some of the thin-films used in experiments are
shown in Figure 4-1. The 41.4 cm3 control volume indicates that 18 cm2 of 82.5
nm thick Pd films will only exhibit a pressure drop of 3 mbar and 18 cm2 of 300
nm thick Ti films will exhibit a pressure drop of 30.4 mbar when fully loaded
at room temperature. Better resolution can be obtained by preheating the
metal substrates to the desired temperature first before introducing hydrogen;
reactor volume is 32% of the absorption control volume.
4.3.2 System leak rates
The reactor had the highest leak rate ranging from ~1.6 x 10-4 cm3 to 4 x
10-7 cm3, which equates to a pressure loss of 56 mbar and 0.143 mbar,
respectively. The rest of the system had a leak rate less than 1 x 10-7 cm3. The
higher leak rate on the reactor is due to the Grafoil seal. Tightening reactor
bolts in a cross pattern to a torque of 15 foot-pounds was not enough to prevent
leaks. Retightening the head bolts after heating improved the leak rate but
also made it difficult to remove the bolts after the loading experiment, even
after using anti-seize compound on the bolts. It was found that maintaining
the same alignment with the reactor and head ensures the best alignment with
the Grafoil gasket to minimize leaks. A notch was scribed in both to maintain
the same alignment. To further reduce the leak rate, a second Grafoil gasket
was used.
4.3.3 Temperature stability
Because the system was assembled in a compact arrangement, other volumes
and pressure transducer heated during experiment simulations with helium.
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The reactor that is heated is mounted to a platen made of aluminum. The
platen acts as a heat sink heating the DPT, reference volume and absorption
volume (Vol 3 and Vol 4). This heating caused pressures to change during the
experiment. To minimize the temperature effects, the reactor and platen were
insulated with foil-backed high temperature insulation. Thermocouples were
added to monitor the temperature of the DPT and reference volume. The
results from the experiments were then reduced using the Ideal gas law.
Temperature variations were experienced when the reactor was heated. As
the reactor heated, the temperature oscillations made it difficult to determine
the onset of hydrogen loading. To counter this, a simulation with helium was
conducted at the same temperature, pressure and time after the hydrogen
loading test was done. In loading experiments where the reactor chamber was
preheated, the temperature fluctuations caused difficulty in calibrating the
absorption volume, which consists of volume 3 and reactor. Since the pressure
varies with temperature in a control volume, the calibration of the reactor
volume was timed to occur at the experiment temperature.
4.4 Hydrogen absorption experiments
Absorption experiments will be done using the system and procedures
described in chapter 3.
4.4.1 Initial Hydrogen Absorption
Hydrogen loading will be conducted at various temperatures and pressures
based on the film composition. Final goal is to load at the lowest pressure since
current systems only apply a few bars of pressure. Data acquisition during
test consists of pressure, internal and external temperature and resistivity
measurements.
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The initial hydrogen loading parameters are provided below in Table 4-2. The
temperatures are from discussions with City Labs (Cabauy 2012-2013) and
results from Greenway Energy (Greenway 2012) and literature (Bower 2002).
Unmodified films will act as a baseline for comparison. These parameters may
be changed if hydrogen does not absorb. Before loading, the samples were
heated in a vacuum at 350ºC for a minimum of 4 hours to remove contaminants.
Table 4-2. Hydrogen absorption experiment matrix
ID
1

Thin-film Material
Pd 50 nm / Ti 5 nm

Qty
12

Loading
Method
Ramp from RT

P (Bar)
0.2

T (°C)
310

2

Pd 50 nm / Ti 5 nm

12

Ramp from RT

1.0

310

3

Pd 50 nm / Ti 5 nm

12

2.0

310

4

Pd 50 nm / Ti 5 nm

12

2.0

310

5

Pd 50 nm / Ti 5 nm

12

Ramp from RT
Reload - Ramp from
RT
Ramp from RT

3.0

310

6

Pd 50 nm / Ti 5 nm

12

Desorption

Vacuum

350

7

Pd 250 nm / Ti 5 nm

12

Ramp from RT

0.2

310

8

Pd 250 nm / Ti 5 nm

12

Ramp from RT

0.2 (0.8 He)

310

9

Pd 250 nm / Ti 5 nm

12

Ramp from RT

1.0

310

10

Pd 250 nm / Ti 5 nm

12

Ramp from RT

2.0

310

11

Pd 250 nm / Ti 5 nm

12

Ramp from RT

3.0

310

12

Pd 250 nm / Ti 5 nm

12

Ramp from RT

10.0

200

13

Pd 250 nm / Ti 5 nm
Pd 82.5 nm / Ti 300 nm, 6
month
Pd 82.5 nm / Ti 300 nm, 6
month
Pd 82.5 nm / Ti 300 nm, 2
week
Pd 82.5 nm / Ti 300 nm, 2
week
Pd 82.5 nm / Ti 300 nm, 2
week

12

Desorption

Vacuum

350

6

Preheat to Temp.

0.933

160

6

Preheat to Temp.

0.933

23

6

Preheat to Temp.

0.933

160

6

Reload at Temp.

0.933

160

6

Preheat to Temp.

0.933

23

14
15
16
17
18

After each loading experiment with hydrogen, the experiment was repeated
with helium to observe the amount of leakage associated with increasing
temperature and pressure. The amount of leakage will be subtracted from the

79
results of hydrogen loading experiment to determine amount of hydrogen
absorbed.
4.4.2 Reabsorption after cooling
Depending on the results from the initial hydrogen absorption, the samples
were subjected to another loading under the same conditions in an attempt to
to achieve higher absorbed concentrations. The cool-down period allows the
film material to relax and lower internal stress, thus potentially making it
possible to load more hydrogen into the film.
4.4.3 Desorption of hydrogen
After hydration of palladium films, they will be heated to 350°C in a vacuum
of 10-3 torr to desorb the hydrogen. Desorption of hydrogen in titanium films
requires 700°C, and could not be performed since the system is only capable of
500°C. The purpose of desorbing hydrogen is to perform another hydrogen
loading experiment on the samples before removing them from the reactor
chamber, and to determine if successive loadings improve the amount of
hydrogen absorbed.
4.5 Hydrogen Absorption Results
Table 4-3 summarizes the results of hydrogen loading experiments conducted
on the developed system. The 50 nm Pd films were loaded first to test out the
system and update procedures. Hydrogen absorption in Pd is very subtle
where the onset of absorption is not readily visible making it difficult to predict
the amount of hydrogen absorbed.

Absorption by Pd was observed by

comparing the initial and final hydrogen pressure relative to the leak rate
measured with helium and with hydrogen prior to heating the reactor. The
temperature controller was programmed to ramp to a set point, then remain
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at the set point for set point for 4 hours to allow the Pd films to absorb hydrogen,
then turn off and cool to room temperature.
Table 4-3. Summary of hydrogen loading experiments
Type

Qty

Sample

T
(°C )

P
(bar)

ΔDP
(bar)

Leak
(bar)

Δ
(bar)

Ramp

12

Pd 250 nm / Ti 5 nm

310

0.971

-0.058 0.001

-0.057

Helium

Ramp

12

Pd 250 nm / Ti 5 nm

310

0.992

-0.076 0.024

-0.051

Loading

Ramp

12

Pd 250 nm / Ti 5 nm

350

0.998

-0.090 0.005

-0.085

Loading

Preheat

12

Pd 250 nm / Ti 5 nm

320

1.014

-0.039 0.003

-0.037

Loading

Ramp

12

Pd 250 nm / Ti 5 nm

310

1.084

-0.123 0.083

-0.040

Loading

Ramp

12

Pd 250 nm / Ti 5 nm

310

2.002

-0.117 0.082

-0.035

Loading

Ramp

12

Pd 250 nm / Ti 5 nm

310

3.031

-0.038 0.008

-0.030

Loading

Ramp

12

Pd 250 nm/Ti 5 nm

200

10.03 -0.091 0.017

-0.074

Loading

Ramp

12

Pd 50 nm / Ti 5 nm

310

0.199

-0.019 0.006

-0.013

Loading

Ramp

12

Pd 250 nm / Ti 5 nm

310

0.198

-0.005 0.001

-0.005

Reloading

Ramp

12

Pd 50 nm / Ti 5 nm

350

1.985

-0.071 0.052

-0.019

Loading

Ramp

12

Pd 50 nm / Ti 5 nm

310

1.817

-0.062 0.034

-0.027

Loading

Ramp

12

Pd 50 nm / Ti 5 nm

160

2.963

-0.013 0.007

-0.006

Loading

Preheat

6

Loading

Preheat

6

Loading

Preheat

6

Loading

Preheat

6

Reloading

Preheat

6

Test
partial 1 bar
He loading

Pd 82.5 nm / Ti 300 nm, 160 to
old
350
Pd 82.5 nm / Ti 300 nm,
22
old
Pd 82.5 nm / Ti 300 nm,
160
2 week
Pd 82.5 nm / Ti 300 nm,
22
new
Pd 82.5 nm / Ti 300 nm,
22
new

0.933 -0.226

--

-0.226

0.933

0.000

--

0.000

0.933 -0.034

--

-0.034

0.933 -0.030

--

-0.030

0.933

0.000

0.000

Several hydrogen loading experiments were conducted on Pd and Ti based
films.

Experiments were conducted with the system initially at room

temperature and with the system preheated to loading temperature. Both
methods presented challenges in reducing the data due to temperature
increases in system volumes and time for temperature to reach steady state.
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The temperature was controlled by a thermocouple mounted inside the reactor
chamber. Once the temperature reached the programmed set point, it deviated
by up to 15°C about the set point for 20 minutes before stabilizing at the set
point. A few of the loading profiles are shown in the following pages.
4.5.1 Pd 250 nm / Ti 5 nm at 0.2 bar and 310°C
The hydrogen loading profile for twelve 250 nm Pd films at 0.2 bar and 310°C
is shown in Figure 4-2. Volume calibration is performed first at the test
pressure to accurately calculate the control and reactor volume. The leak rate
is measured before the reactor is heated and will be used to adjust the pressure
difference at the end of the experiment. Pressure is measured by the 3.45 bar
pressure transducer and is measured more accurately by the differential
pressure transducer set to the 1000 mbar range for this experiment. The data
acquisition has a limit on the amount of data recorded using its application
specific software. For a sampling rate of 1 sample/second, the recording will
run for 8.5 hours. This creates a problem if left running overnight where the
pressures measured at the end of test are at a temperature above room
temperature. These values were adjusted using the Ideal gas law. Pressure
variation with temperature is more pronounced at low pressures. After the
system cooled, the hydrogen was purged to a vacuum. The experiment was
repeated with helium as shown in Figure 4-3. In comparison to the hydrogen
loading, the pressure increased and leveled off instead of decreasing. This
indicates that hydrogen was being absorbed. The reference for the hydrogen
experiment was set at 0.5 bar while the reference for the helium experiment
was set at ambient pressure of 1 bar. Compressed air was used to cool the
reactor in the helium experiment.
The amount of hydrogen absorbed during the experiment is:
Mass of H absorbed: 44.1 µg ,

Moles of H2 absorbed: 21.9 µmol
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Ratio of masses, mH to mPd: 0.54%,

Density of H (mH/Vfilm): 0.0640 g/cm3

Pd 250 nm/Ti 5 nm at 0.2 bar ramped to 310°C
DP (bar)

1.0

PT (bar)

T PARR EX

350

0.9

300
250

0.7
0.6

200

0.5
150

0.4
0.3

100

Temperature (°C)

Pressure (bar)

0.8

0.2
50

0.1
0.0
0

5000

10000

15000

20000

25000

30000

0
35000

Time (seconds)

Figure 4-2 Hydrogen absorption experiment on 12 - 250 nm Pd films
at 0.2 bar and 310°C.

DP (bar)

1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0

PT (bar)

T PARR IN

350
300
250
200
150
100
50

Temperature (°C)

Pressure (bar)

Pd 250 nm/Ti 5 nm He loading at 0.2 bar and 310°C

0
0

5000

10000

15000

20000

25000

Time (s)

Figure 4-3 Helium simulation experiment on 12 - 250 nm Pd films
at 0.2 bar and 310°C.
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4.5.2 Pd 250 nm / Ti 5 nm at 1.0 bar
Figure 4-4 shows the hydrogen loading profile for twelve 250 nm Pd films at
1 bar and 310°C. The reactor heated and stabilized at 310°C in an hour.
Within 3 hours, the pressure decreased and stabilized. Reference pressure on
high side of DPT was set to ambient of 1 bar. The DPT began increasing when
the pressure decreased to its initial value during cooling. After the system
cooled, the hydrogen was purged to a vacuum. The experiment was repeated
with helium as shown in Figure 4-5. The helium pressure increased initially
to 1.25 bar during temperature soak at 310°C and gradually increased to 1.31
bar at the end of the temperature soak. In the hydrogen experiment, the
pressure at the beginning of the temperature soak at 310°C was 0.15 bar lower
and then decreased to 1.09 bar before leveling.
The amount of hydrogen absorbed during the experiment is:


Mass of H absorbed: 134.7 µg



Moles of H2 absorbed: 66.8 µmol



Ratio of masses, mH to mPd: 1.65 %



Density of H (mH/Vfilm): 0.196 g/cm3
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DP (bar)
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Figure 4-4 Hydrogen absorption experiment on 12 - 250 nm Pd films
at 1.0 bar and 310°C.

Pd 250 nm/Ti 5 nm 1 bar He simulation at 310°C
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Figure 4-5 Helium simulation experiment on 12 - 250 nm Pd films
at 1.0 bar and 310°C.
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4.5.3 Pd 250 nm / Ti 5 nm at 2.0 bar
Figure 4-6 shows the hydrogen loading profile for twelve 250 nm Pd films at
2.0 bar and 310°C. Volumes were calibrated and leak rate was measure with
helium first. The initial hydrogen pressure was 2.15 bar instead of 2.0 bar.
The reactor heated and stabilized at 310°C in an hour. Within 3 hours, the
pressure decreased and stabilized. Reference pressure on high side of DPT was
set to ambient of 2.2 bar. The DPT began increasing when the pressure
decreased to its initial value during cooling. After the system cooled, the
hydrogen was purged to a vacuum. The experiment was repeated with helium
at 2.0 bar as shown in Figure 4-7. The helium pressure did not decrease during
temperature soak; it increased initially to 2.3 bar during temperature soak at
310°C and gradually increased to 2.35 bar at the end of the temperature soak.
In the hydrogen experiment, the pressure at the beginning of the temperature
soak was 2.5 bar and then decreased to 2.45 bar before leveling.
The amount of hydrogen absorbed during the experiment is:


Mass of H absorbed: 118.8 µg



Moles of H2 absorbed: 58.9 µmol



Ratio of masses, mH to mPd: 1.45 %



Density of H (mH/Vfilm): 0.173 g/cm3
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Pd 250 nm/Ti 5 nm loading at 2 bar and 310°C
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Figure 4-6 Hydrogen absorption experiment on 12 - 250 nm Pd films
at 2.0 bar and 310°C.

Pd 250 nm/Ti 5 nm He loading at 2 bar and 310°C
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Figure 4-7 Helium simulation experiment on 12 - 250 nm Pd films
at 2.0 bar and 310°C.
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4.5.4 Pd 250 nm / Ti 5 nm at 1.0 bar preheated to 310°C
In this experiment, shown in Figure 4-8, twelve 250 nm Pd films were heated
to 310°C under a constant vacuum of 2 x 10-3 torr. Volumes were calibrated
and leak rate was measure with helium first.

The reactor heated and

stabilized at 310°C in an hour. Within 2.0 hours, the pressure decreased
slightly from 1.0 bar and stabilized. Reference pressure on high side of DPT
was set to 0.9 bar to capture immediate absorption. Reactor volume was
calibrated with helium at 310°C. With the reactor isolated under vacuum,
volume 3 was filled with 1.43 bar of hydrogen. When pressure stabilized, the
reactor valve was opened to introduce hydrogen, which decreased to a pressure
of 1.0 bar. The DPT increased from 0.08 bar to 0.11 bar indicating a change in
pressure of 0.03 bar. The amount of hydrogen absorbed during the experiment
is:
 Mass of H absorbed: 93.6 µg

 Ratio of masses, mH to mPd: 1.14 %

 Moles of H2 absorbed: 46.4 µmol

 Density of H (mH/Vfilm): 0.136 g/cm3

Pd 250 nm/Ti 5 nm loading at 1 bar and preheated at 310°C
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Figure 4-8 Hydrogen absorption experiment on 12 - 250 nm Pd films
at 1.0 bar preheated 310°C.
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4.5.5 Pd 250 nm / Ti 5 nm at 0.2 bar and 0.8 bar helium
In this experiment, shown in Figure 4-9, twelve 250 nm Pd films were heated
to 310°C under a 1.0 bar mixture of 0.2 bar H2 and 0.8 bar He. Volumes were
calibrated and leak rate was measure with helium first. The reactor heated
and stabilized at 310°C in an hour with the pressure increasing to 1.2 bar. The
pressure rose slightly then decreased and stabilized at 1.2 bar in 3.5 hours.
Reference pressure on high side of DPT was set to ambient of 1.0 bar. The DPT
increased by 0.03 bar. The presence of helium with hydrogen appears to have
no effect on the hydrogen absorption process.

The amount of hydrogen

absorbed during the experiment is:
 Mass of H absorbed: 193.9 µg

 Ratio of masses, mH to mPd: 2.37%

 Moles of H2 absorbed: 96.2 µmol

 Density of H (mH/Vfilm): 0.282 g/cm3

Pd 250 nm/Ti 5 nm loading at 1 bar and 310°C, partial
pressures of 0.2 bar H2 and 0.8 bar He
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Figure 4-9 Hydrogen absorption experiment on twelve 250 nm Pd films at a
hydrogen partial pressure of 0.2 bar and 310°C showing sample temperature
and pressures over time.
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4.5.6 New Pd 82.5 nm / Ti 300 nm at 0.933 bar and 160°C
Rather than heating the samples under hydrogen pressure to temperature, the
samples are preheated first under under helium, similar to the experiment
done in section 4.5.4. Figure 4-10 and Figure 4-11 show the hydrogen loading
profile on six new 300 nm titanium films capped with 82.5 nm Pd (Ti 300 nm /
Pd 82.5 nm) at 160°C. The loading pressure of 0.933 bar is the pressure being
used by a new tritium loading system. When temperature was reached, the
helium was evacuated to perform a volume calibration and set the pressure of
the DPT reference volume to 1.0 bar. Several runs were done with helium to
determine the pressure needed in volume 3 that produces a pressure when the
reactor valve is opened. When the reactor valve was opened to let hydrogen in,
an immediate change in pressure occurred within seconds. The temperature
measured by the thermocouple inside the reactor rose 10°C when hydrogen
was introduced into the evacuated reactor. The amount of hydrogen absorbed
is found by the differences between helium and hydrogen loading runs.
Measured pressure changes for the DPT and 3.5 PT are 34 mbar and 31 mbar,
respectively.
The amount of hydrogen absorbed during the experiment is:
 Mass of H absorbed: 100.0 µg

 Ratio of masses, mH to mPd: 2.37%

 Moles of H2 absorbed: 49.6 µmol

 Density of H (mH/Vfilm): 0.145 g/cm3
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Hydrogen loading loading at 160°C and pressure of 0.933 bar
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Figure 4-10 Hydrogen absorption experiment on 6 Ti 300 nm / Pd 82.5 nm
films at 0.933 bar and 160°C.

Hydrogen loading at 160°C and pressure of 0.933 bar
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Figure 4-11 Hydrogen absorption experiment on 6 Ti 300 nm / Pd 82.5 nm
films at 0.933 bar and 160°C.
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4.5.7 New Pd 82.5 nm / Ti 300 nm at 0.933 bar and room temperature
Figure 4-12 and Figure 4-13 show the hydrogen loading profile on six new
Ti 300 nm / Pd 82.5 nm at 0.933 bar at room temperature (23°C). The same
calibration process used in the previous experiment was done. When the
reactor valve was opened to let hydrogen in, an immediate change in pressure
occurred lasting 200 seconds. The temperature inside the reactor did not
change. The amount of hydrogen absorbed is found by the differences between
helium and hydrogen loading runs.

The fast pressure drop at room

temperature gives strong evidence the films absorbed hydrogen. Titanium
films exposed to ambient environment have not loaded at room temperature in
short periods. Measured pressure changes for the DPT and 3.5 PT are 32 mbar
and 30 mbar, respectively.
The amount of hydrogen absorbed during the experiment is:


Mass of H absorbed: 101.7 µg



Moles of H2 absorbed: 50.4 µmol



Ratio of masses, mH to mPd: 2.41%



Density of H (mH/Vfilm): 0.148 g/cm3
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Hydrogen loading at room temperature and pressure of 0.933 bar
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Figure 4-12 Hydrogen absorption experiment on 6 - Ti 300 nm / Pd 82.5 nm
films at 0.933 bar and room temperature.

Hydrogen loading at room temperature and pressure of 0.933 bar
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Figure 4-13 Hydrogen absorption experiment on 6 - Ti 300 nm / Pd 82.5 nm
films at 0.933 bar and room temperature.
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Results of hydrogen loading experiments are summarized below in Table 4-4.
Mass (mH)and molar (nH2) quantities for hydrogen were calculated from the
corrected pressure drop measured in the loading experiments. Thin film mass
(mM) includes 82.5 nm Pd cap layer and 5 nm Ti layer. The expected hydrogen
to thin film mass is based on stoichiometries of PdH0.6 and TiH2.
Table 4-4. Summary of hydrogen loading results
P
T
(°C ) (bar)

nH2
(mol)

mH
(g)

mH/mM
(%)

Expected
mH/mM (%)

1

9.62E-05

1.94E-04

2.37%

0.60%

350

1

1.43E-04

2.89E-04

3.53%

0.60%

Pd 250 nm / Ti 5 nm

320

1

4.64E-05

9.36E-05

1.14%

0.60%

12

Pd 250 nm / Ti 5 nm

310

1

6.68E-05

1.35E-04

1.65%

0.60%

12

Pd 250 nm / Ti 5 nm

310

2

5.89E-05

1.19E-04

1.45%

0.60%

12

Pd 250 nm / Ti 5 nm

310

3

5.09E-05

1.03E-04

1.26%

0.60%

12

Pd 250 nm / Ti 5 nm

200

10

1.25E-04

2.51E-04

3.08%

0.60%

12

Pd 250 nm / Ti 5 nm

310

0.2

2.19E-05

4.41E-05

0.54%

0.60%

12

Pd 50 nm / Ti 5 nm

310

0.2

8.33E-06

1.68E-05

1.00%

0.70%

12

Pd 50 nm / Ti 5 nm

350

1

3.16E-05

6.38E-05

3.79%

0.70%

12

Pd 50 nm / Ti 5 nm

310

2

4.59E-05

9.25E-05

5.49%

0.70%

12

Pd 50 nm / Ti 5 nm

310

3

9.36E-06

1.89E-05

1.12%

0.70%

3.30E-04

6.65E-04

15.77%

2.67%

Qty

Sample

12

Pd 250 nm / Ti 5 nm

310

12

Pd 250 nm / Ti 5 nm

12

6
6
6
6
6

Pd 82.5 nm / Ti 300
nm, 6 month
Pd 82.5 nm / Ti 300
nm, 6 month
Pd 82.5 nm / Ti 300
nm, 2 week
Pd 82.5 nm / Ti 300
nm, 2 week
Pd 82.5 nm / Ti 300
nm, 2 week

160 to
0.933
350
22

0.933

0.00E+00

0.00E+00

0.00%

2.67%

160

0.933

4.96E-05

1.00E-05

2.37%

2.67%

22

0.933

5.04E-05

1.02E-04

2.41%

2.67%

22

0.933

0.00E+00

0.000E+00

0.00%

2.67%
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Most absorbed values for Pd films are higher than expected values; in some
cases by at least 3%, well above the combined measurement error of 0.25%.
Except for one experiment where the films were preheated first, experiments
began and ended at room temperature with a period of temperature soak at
310°C. The absorption process was gradual and difficult to determine the onset
of absorption. Simulations with helium indicate that the leak rate is benign
for the experiments. However, in experiments where the reactor was filled
with hydrogen at room temperature and heated, hydrogen may have leaked.
The viscosity of hydrogen (8.6 MPa-s) is less than half the value of helium (19.2
MPa-s). Therefore, hydrogen will leak at a rate of 2.2 faster than helium at
the same pressure (Rawls 2006).
If hydrogen is leaking, then a better method of absorption is to preheat the
samples first. Benefits are shorter absorption process times, less dependence
on leakage, and system temperature is at steady state. Two excellent examples
of this were found when hydriding new titanium films capped with Pd (Ti 300
nm / Pd 82.5 nm) at 160°C and room temperature. The change in pressure
correlated well with the amount of hydrogen absorbed. The hydrogen mass to
film mass values, 2.37% and 2.41%, were close to the expected value of 2.67%.
The values were lower than expected most likely due to that Pd did not fully
hydride due to the short experiment. Based on a specific activity of 9664 Ci/g
for tritium, the loaded films would contain 160 mCi of tritium. This is the first
time that titanium films exposed to ambient conditions has loaded quickly at
room temperature.
The old Ti 300 nm / Pd 82.5 nm thin film samples did not load, even after
increasing the temperature to 350°C. The films were left out in the open for 6
months and could have already been hydrided from the trace amounts of
natural hydrogen in air.

Films exposed to 6 months in a hydrogen

concentration of 0.55 ppm are enough time to become fully hydrided.
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Palladium only allows hydrogen to pass through; helium cannot pass through
Pd. The experiment where the hydrogen concentration in helium was 20%, the
films loaded to an extent. Films with Pd cap layers need to be stored in an
inert environment to avoid premature loading of unwanted hydrogen.
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CHAPTER 5.

BETA FLUX MODELS

5.1 Introduction
The ability to predict the beta particle flux and its energy distribution from the
surface of a metal tritides is of use in advancing betavoltaic technology. A
model is being developed using a software tool called MC-SET (Monte Carlo simulation of electrons trajectories in solids) (Napchan 2008), and calculations.
MC-SET is being used to determine surface flux with its energy distribution in
materials that store hydrogen, such as Mg, Sc, Ti, and Pd. Mathematical
models will use the results to calculate flux and energy distribution by
considering isotropic emission, emission energy, exit angle and material
properties. The model will be validated by actual measurements and reported
values.
5.2 MC-SET Simulations
Simulations are run with a minimum number of 10,000 electrons injected into
a semi-infinite slab at various angles, depths and energies up to 18.5 keV. Film
thickness comprised of film materials that store hydrogen from ranged from
300 nm to greater than 1000 nm to predict transmitted electrons and their
energy. Electrons are emitted as a point source instead of a beam to simulate
tritium. Simulations will be run where the number of electrons at an energy
matches the energy distribution of a tritium beta emission.
MC-SET has two main input screens, one to define specimen material and
geometry, and another to setup experiment. Several layers and materials
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can be used in one specimen where the materials and their parameters are all
contained in the material list file, all_6i.mat. Layers are built by adding
geometry and materials. The experiment input screen is where the electron
beam parameters, specimen and outputs are set. In simulating films that are
currently used in betavoltaics and ones that could be used in bipolar designs,
backscattered electrons are included as they add to the transmitted electrons
leaving the opposite surface. X-rays outputs are not needed in the model.
Batch simulation is a useful tool where the simulation will go through a set of
parameters in one run, such as energy range, tilt angle and depth. However,
this feature failed to operate in the new version of MC-SET and is presently
being reconciled. The experiment setup file and specimen file are saved first
before running the simulation.
MC-SET is a binary collision simulation code where electrons loose energy in
steps as they move through material. Electrons lose energy by nuclear and
electronic collisions at a rate given by equation (5.1).
dE dE
dE


dx dx n dx

(5.1)
e

High energy electrons loose energy by electronic collisions and radiation
emission, such as bremsstrahlung. At electron energies below 511 keV, the
rest mass energy of the electron, electrons loose energy by molecular collisions
and ionization. The software computes impact angle and impact parameter by
a random number generator with the substrate’s properties to predict
scattering angle, mean free path and energy lost.
The Bethe stopping power involves nuclear collisions that is computed using
equations (5.2) and (5.3). The formulas include the substrate’s atomic number
Z, density ρ and mass number A, and the electron energy E in keV. Materials
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equal to or lighter than aluminum use equation (5.2)(a) to calculate the mean
ionization potential JB (keV) (Napchan 2008).

11.5Z
1000
9.76 Z  58.8 / Z 0.19
JB 
1000
JB 

Z  13

(5.2)

Z  13



dE

dx

(a)

  7850  Z  log 1.166 


A E

(b)

E  0.822  J B 

JB


(5.3)

The scattering angle is randomly generated during each step using equations
(5.4) – (5.6) where Ran is a random number and Ei is the ionization energy
(Mg=7.64624 eV, Sc=6.5615 eV, Ti=6.8281 eV, and Pd=8.3369 eV).



0.0034  Z 2 3
Ei

cos   1 

2 Ran
1    Ran

sin   1  cos 2 

(5.4)

(5.5)
(5.6)

The stopping power cross-section σ is given in equation (5.7) and the mean free
path λ is given by equation (5.8) where A is the mass number and ρ is the
density. The mean free path decreases with increases in density and cross
section indicating greater stopping power.

 E  511 
6.55  1020  Z 2 

E  1022 


Ei2   1   

(5.7)
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A  10 4
1


23
  6.022  10 

(5.8)

The length of each step of the slowing down process in the simulation is given
by equation (5.9).
s     ln  Ran 

(5.9)

The simulation of electron interaction in MC-SET is defined entirely by the
initial electron energy and substrate atomic weight, density, charge (Z), and
first ionization potential. Simulations with 10,000 electrons typically require
a few million steps in about 30 seconds.
5.3 Modeling setup
Previous surface flux models used the elemental density of just the substrate
and results were similar to reported values. However, the actual density of a
hydride (or tritide) is less than the elemental density, up to 17% less for
magnesium and titanium. Since density is the critical parameter in stopping
electrons in materials, the mean free path of beta particles or electrons in a
substrate is higher in a less dense material and thus will increase the surface
flux. In Table 5-1, the molecular weights and densities are tabulated for the
most promising hydrogen storage materials: magnesium, scandium and
titanium.

Density value for magnesium tritide is not available and was

estimated using the density of magnesium hydride.

Furthermore, as the

tritium decays to helium-3 and leaks out of the substrate, the density will
further decrease since the maximum temperature of betavoltaic operation is
limited to 80°C. When tritium is loaded, the substrate expands up to 12% from
the chemical reaction with hydrogen during loading. Without annealing, this
structure should be maintained after tritium decays to helium and out gasses.
The molecular weight and density after one half-life (12.3 years for tritium)
was estimated. After 12.3 years, the surface flux should be higher than what
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the decay rate would indicate; thus softening the reduction in power due to
decay half-life.
Table 5-1 Hydrogen storage materials with elemental and hydride molecular
weights and densities.
Substra
te
Materia
A
l
Mg

1.
2.
3.

12

M
(g/mol)
24.305

M

 MT

(°C)

MT2
(g/mol)

(g/cm3)

MT2
(g/mol)
at 12.3
yrs

1.45

250

30.337

1.45

25.813

1.234

 MH

(g/cm3)

MH2
(g/mol)

(g/cm3)

1.74

26.321

2

TmMH2

 MT

2

2

(g/cm3)
at 12.3
yrs

Sc

21

44.956

2.985

46.972

2.957

1541

50.988

2.90

46.464

2.643

Ti

22

47.867

4.506

49.883

3.75

450

53.899

3.80

49.375

3.481

Tritide density values provided by (Bloch and Mintz 1997).
Estimated based on hydride.
Based on crystal lattice remaining the same.
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Figure 5-1. Range of beta particles (electrons) in MgT2, MgT2, TiT2, and Pd;
Average beta particle energy for tritium is 5.7 keV.
According to Figure 5-1, magnesium appears to be the best hydride material.
In MgT2, beta particles with an energy of 5.7 keV, average energy of tritium,
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pass through the 300 nm surface noted by the dashed line. 5.7 keV beta
particles in ScT2 only make it halfway through. The range of beta particles
(electrons) in MgT2 is twice as long as in ScT2, and three times longer than in
TiT2. The high density of Pd (12.03 g/cm3) shortens the range of a beta particle
by a factor of seven.
Simulations were run using the MgT2 densities at beginning of life and after
one half-life of 12.3 years.

Other simulations were run with Ti and Sc

substrates. In cases to estimate average energy in a typical substrate, the
average beta particle energy of 5.7 keV was used.

In cases to find the

maximum substrate thickness, the maximum beta particle energy of 18.5 keV
was used.
5.4 Results
5.4.1 Titanium
Simulations were run with a Ti slab 2 µm thick with 5000 electrons with initial
energies of 18.5 keV. The beam incidence point started at the bottom of the
slab and moved up by 50 nm per simulation run. Beam angle was normal to
the surface.
The results in Figure 5-2 indicate that beyond a thickness 1200 nm, the beta
flux emanating from the surface does not change due to material self-shielding;
thicker films will produce the same surface flux.

The percentage of beta

particles emitted versus those that reach the surface decreases as the film gets
thicker. The most efficient use of beta energy occurs in 300 nm thick Ti films;
the point where the surface beta strength and the percent that reach the
surface intersect. The results compare well with Ti efficiency reported by
Bower (Bower 2002).
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Figure 5-2. Tritium efficiency and utilization in Ti.

Figure 5-3. Tritium efficiency and utilization in Ti reported
by Bower (Bower 2002)
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103
Figure 5-4 shows a simulation run with 10,000 5.7 keV electrons incident on
the surface of a 1.2 µm Ti slab. The position of electron emission was stepped
from 500 nm to the full slab thickness. 5.7 keV electrons deeper than 500 nm
are attenuated and do not reach the surface. The transmitted electrons versus
depth are linear from an emission depth of 0.7 µm to 1.1 µm. The depth is
much longer than what was calculated using the range equation in Figure 5-1.

Transmitted electrons vs. emission depth in 1.2 µm Ti
slab, 10,000 electrons at 5.7 keV

Transmitted electrons
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2000
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1.1 1.2 1.3

Electron emission depth (µm)

Figure 5-4. Simulation of 10,000 5.7 keV electrons in Titanium swept from
500 nm in the bulk through the slab to 1.2 µm.
5.4.2 Scandium
In the first model, Simulations were run on a 500 nm scandium substrate with
500 electrons of energy 5.7 keV, which is the average beta energy emitted by
tritium. The beam angle was normal to the surface. The results provided in
Figure 5-5 and Figure 5-6 show the average energy and emission angle. The
average energy of an electron emitted at a shallow depth of 50 nm was 5190
eV, about 91% of the initial energy of 5.7 keV. At this depth, most electrons
exit the surface at 30 degrees from normal to surface. In contrast, the average
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energy of an electron at a depth of 200 nm was 3153 eV, about 55% of the initial
energy. The angular distribution of these transmitted electrons centered at
44.7 degrees. At a depth of 300 nm, no electrons reach the surface. The deeper
electrons exit from the surface in a more evenly distributed manner.
The number of electrons and energy exiting the surface was cumulated in
Figure 5-7. The average energy of the transmitted electron and number of
transmitted electrons versus depth are linear from a depth of 350 nm. At the
surface, the number of transmitted is 500 and average electron energy is 5.7
keV. Figure 5-8 shows the normalized values of the transmitted electrons and
average exit energy in percent. This is a better representation where electrons
with energy 5.7 keV begin exiting the surface at a depth of 350 nm. In MCSET, the percentage of energy transmitted is equivalent to the percentage of
the electrons transmitted.
Figure 5-9Figure 5-11 shows a simulation run with 10,000 5.7 keV electrons
incident on the surface of a 1.0 µm Sc slab. The position of electron emission
was stepped from 500 nm to the full slab thickness. 5.7 keV electrons deeper
than 350 nm are attenuated and do not reach the surface. The transmitted
electrons versus depth are linear from an emission depth of 0.05 µm to 0.3 µm.
The depth in Sc is much longer than what was calculated using the range
equation in Figure 5-1, but shorter than Ti despite the lower density.
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Figure 5-5 Transmitted electrons in scandium energy distribution
at depths of 50 nm and 200 nm
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Figure 5-6 Transmitted electrons in scandium angular
distribution at depths of 50 nm and 200 nm
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Transmitted electrons

Transmitted electrons vs. emission depth in 1µm Sc
slab, 10,000 electrons at 5.7 keV
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Figure 5-9. Simulation of 10,000 5.7 keV electrons in magnesium swept from
350 nm in the bulk through the slab to 1000 nm.
5.4.3 Magnesium
In the first model, 10,000 electrons incident on the surface of a 1 µm Mg slab
were parametrically applied from 4 keV to 20 keV in steps of 1 keV. The
transmission of 10 keV electrons is shown in Figure 5-10. Over half of the
electrons pass through the slab with some backscattering. The straggle of
electron interactions is ~1 µm in both lateral directions.
Simulations were repeated with magnesium tritide substrates at the beginning
of life (BOL) and after 12.3 years. In Figure 5-11, electron energies below 8
keV are completely attenuated in the bulk of the magnesium film.

The

minimum energy needed to exit the surface for MgT2 BOL and MgT2 12.3 years
improves with minimum values decreasing to 7 keV and 6 keV, respectively.
Thus, more electrons and energy are transmitted through the tritide substrate.
Over 90% of the 18 keV electrons pass through the slab. After 12.3 years, the
relative surface flux increases so that the power will be greater than one half.

108
The difference in transmitted electrons to the incident electrons are due to
backscattering since the electrons are injected at the surface. The curve of the
plot is similar to that of titanium and scandium.

Figure 5-10. Simulation of 10,000 10 keV electrons in magnesium.

Transmitted electrons in 1000 nm slab, 10,000 incident
electrons
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Figure 5-11. Simulation of 10,000 electrons in magnesium and magnesium
tritide from 4 keV to 18.5 keV.
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In the next case shown in Figure 5-12, the same slab was used but the electron
energy remained constant at 5.7 keV. The position of electron emission was
stepped from 350 nm to the full slab thickness of 1000 nm. Electrons injected
halfway through the slab begin exiting the opposite surface. With electron
source at the exiting surface, all electrons are transmitted with no
backscattering.

Transmitted electrons vs. emission depth in Mg slab,
10,000 electrons at 5.7 keV
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Figure 5-12. Simulation of 10,000 5.7 keV electrons in magnesium swept
from 350 nm in the bulk through the slab to 1000 nm.
In the next case, the maximum thickness for an 18.5 keV electron to exit the
magnesium tritide surface was found to compare with scandium tritide and
titanium tritide. Figure 5-13 shows that the maximum thickness for an 18.5
keV electron to pass through is 7 µm, about six times greater than titanium
tritide and three times scandium tritide. This result is important in that a
much higher beta flux can be obtained using magnesium. A higher surface
beta activity can be achieved by making the substrate thicker and adding more
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tritium, or keeping the thickness at 300-400 nm where most of the betas and
energy is transmitted.

Transmitted electrons in 8 µm MgT2 slab, 10,000
incident 18.5 keV electrons
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Figure 5-13. Simulation of 10,000 18.5 keV electrons in magnesium tritide
swept from 0 nm in the bulk through the slab to 8 µm.
To examine the effects of replacing the current titanium tritide source,
simulations were conducted with the average beta energy of 5.7 keV in a 300
nm slab of magnesium tritide. In Figure 5-14, 10,000 electrons with an energy
of 5.7 keV were sourced at different positions in the slab thickness.
Transmitted and backscattered electrons were accumulated for the case when
the tritium source is used in a bipolar design; a single beta source energizes
two p-n junctions. On the side opposite of the exit surface, a considerable
amount of electrons is backscattered. Adding these backscattered electrons to
the emitted electrons gives an overall surface flux of 9000 electrons. Therefore,
90% of the beta particles emitted in the normal direction will exit the surface.
This percentage is 6 times lower for titanium and 3 times lower for scandium
substrates as shown in Figure 5-1 using the range formula given by
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equation (1.1). Scandium tritide substrates will deliver about 45% of the beta
particles while titanium tritide substrates will only deliver about 35% of the
beta particles.
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Figure 5-14. Simulation of 10,000 5.7 keV electrons in magnesium
tritide in a typical 300 nm film.
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CHAPTER 6.

BETAVOLTAIC EVALUATION (BENCHMARKING)

6.1 Introduction
Little performance data exists on current betavoltaic technology. Furthermore,
temperature behavior and aging phenomena are not known. Two betavoltaic
cells made by City Labs were obtained from Air Force Research Laboratories
(AFRL) in City Labs were evaluated under temperature. The results will
provide a benchmark for the design, an understanding on how they operate,
and a basis to determine if a correlation exists with the Sun.
Two Model P100a betavoltaics, manufactured by City Labs in 2011, are shown
in Figure 6-1. Serial number 120110001 was identified as Cell 1. It contains
a single p-n junction and a 120 mCi tritium source. Serial number 120110002
was identified as Cell 2. It contains two p-n junctions connected in series and
contains 230 mCi of tritium. In-line DIP packages resemble an integrated chip
where one side is the positive terminal and the other the negative terminal.

Figure 6-1 Model P100 betavoltaics, s/n 120110001 is a single cell and s/n
12011002 is a double cell in series.
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The tritium is stored in a titanium thin foil, similar to the ones being used in
hydrogen absorption experiments. The amount of tritium loaded in the Ti foils
is only around 25% of optimal. The tritium at the facility that performed the
loading was diluted by hydrogen and helium-3.

Normally, scrubbers are

needed to clean the tritium gas before storing it back in the uranium bed.
Swipes of the betavoltaics will be taken by REM and analyzed in a scintillator
detector on a monthly basis to determine if any tritium is leaking.
6.2 Methods
In the evaluation, I-V characteristics of each betavoltaic will be measured daily
under temperature conditioning for several months.

The setup shown in

Figure 6-2 consists of a temperature chamber, source measurement unit and a
PC with data acquisition software. Monitor cables are 24 gauge twisted pair
shielded to remove noise. The system is located in the MFCRL laboratory.

Thermal chamber

Test Leads

Beta Voltaic Test Unit

DAS/SMU
Workbench

Figure 6-2 Betavoltaic experiment setup
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Temperature chamber is a Test Equity Model 107, which is programmable to
operate from 132°C down to -40°C and does not require liquid nitrogen for
cooling.

Betavoltaics are tested inside the chamber.

A chamber was

programmed to the profile shown in Figure 6-3 where the temperature is cycled
daily between 80°C, 25°C and -40°C.

A thermocouple will monitor the

temperature and store the readings in a separate standalone data logger
installed on the PC.

Ramp time between temperatures is one hour.

Betavoltaic measurements will be taken 30 minutes after a temperature is
reached to allow for thermal equilibrium.

Temperature Cycling
100

Temperature (C)

80
60
40
20
0
-20
-40
-60
0

4

8
12
16
Duration (hours)

20

24

Figure 6-3 Temperature cycling profile for betavoltaic evaluation

The Keithley 2602B source measurement unit (SMU) is used to perform
current-voltage measurements (or I-V curves).

Both channels are used;

channel A connects to cell 1 and channel B connects to cell 2. The unit is
interfaced with PC by Ethernet. Measurements are presently executed using
a Keithley TSP (Test Script Processor) Express software tool. LabView GUI is
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being developed to invoke the Keithley to conduct and I-V test and save data.
Both channels can be operated simultaneously.

Each channel can source

current and measure voltage or source voltage and measure current. Source
can either be stepped as shown below or pulsed in a positive direction or
negative direction.

Other options are sample rates, integration time and

number of measurement loops. Results can be viewed, plotted and saved in
the Data tab.
After several months of testing, the power profile at each temperature should
follow the power curve similar to the decay rate calculated by equation (6.1)
where Po is the initial power, t is time in years, and half-life T1/2 is the decay
rate in years. With a tritium half-life of 12.3 years, the power will decrease by
2.78% after six months and 5.48% after one year.

Therefore, accurate

measurements are necessary and must be done the same way every time.
P (t ) =P0 e -lt = P0 e

- 0.693´t T1 2

(6.1)

Methods of measuring I-V curves on betavoltaics are not well defined. The
impedance of betavoltaics are in the MΩ, thus four-wire measurements are not
needed. Longer integration times are required to obtain repeatable results. A
capacitive term inside the betavoltaic does not allow voltage to change quickly.
In the TSP control panel, the minimum and maximum source values are
entered. Since the betavoltaic is supplying current, the source current is
negative; a mistake in using positive current will damage the p-n junction.
Before applying an I-V sweep, the short circuit current and open circuit voltage
are determined, and are used to input the range in the TSP software.
Measurements have been conducted by either sourcing the voltage or sourcing
the current in steps. Current sourcing did not produce repeatable results. In
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addition, the number of power line cycles (NPLC) needs to be at least 2 to allow
the reading to stabilize; the NPLC increases the integration time to remove
noise induced by fluctuations in the 60 Hz power cycle. City Labs uses a
Keithley 2400.
Electrostatic discharge (ESD) ground straps must be worn when handling
betavoltaics. ESD produces voltages in the kV and discharging that through a
betavoltaic that has an impedance of 15 MΩ will produce 66.7 µA.

The

minimum current to destroy the shunt resistance of the betavoltaic is 1 µA.
6.3 Results
6.3.1 Room temperature evaluation
At room temperature, the initial open circuit test was conducted manually
using the front panel of the SMU by setting source current to zero. It was
found that the standby settings for the SMU output is zero volts or short-circuit.
The current must be set to zero and current limited to 100 nA before front
panel operation is turned on.
Cell 1 had proper polarity with respect to the betavoltaic specification and
exhibited an open circuit voltage of 0.72 V and short circuit current of 73 nA.
Cell 2 exhibited and open circuit voltage of 1.6 V and short circuit current of
69 nA, but the polarity was reversed. Open circuit voltage was measured by
applying 0 A, and the short circuit current was measured by setting the source
voltage to 0 V.
I-V curves were measured on both cells at room temperature. Measurements
were done by either sinking current or sourcing voltage. The data from the
measurements is summarized in Table 6-1.
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Table 6-1 I-V data for Cell 1 and Cell 2 at room temperature
Test

T (°C)

Voc (V)

Isc (nA)

Pmax
(nW)

Cell 1, 10-15-2013

25

0.72

73.00

31.85

0.603

Cell 1, 10-27-2013

25

0.72

73.03

36.23

0.690

Cell 2, 10-3-2013

25

1.65

60.31

77.49

0.779

Cell 2, 10-15-2013

25

1.58

60.69

79.09

0.822

Cell 2, 10-27-2013

25

1.60

60.00

61.62

0.644

FF

Cell 1, the single p-n junction, produced the same open circuit voltage and short
circuit current in measurements two weeks apart.

Both I-V curves were

measured by sinking current and measuring voltage. However, the maximum
power and fill-factor increased by 14% in that period.

Maximum power

increased by 3.5 nW and FF increased by 0.087. Plots of the results are shown
in Figure 6-4 and Figure 6-5. The current should be much flatter or constant
up to 0.6 V. The large slope indicates potential damage to the semiconductor or
that the surface is contaminated and is shunting away some of the voltage.
Cell 2, the double p-n junction connected in series, produced similar open circuit
voltage and short circuit current in the first two measurements. Both I-V
curves were measured by stepping the source voltage down from open circuit
voltage to 0 V. Plots of the results are shown in Figure 6-6 and Figure 6-7; the
SMU only went down to 0.1 V instead of 0 V, hence the reason for the gap near
the vertical axis. The measured parameters were extremely close, within 5%
of each other. Though the short circuit current is 20% less than that of Cell 1,
the profile up to maximum power is much flatter which is more typical in a
betavoltaic output. The voltage was about 15% higher. Since both cells are
made from the same materials, the currents should be the same and the
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voltage of Cell 2 should be twice the voltage of Cell 1. The power values and
fill factors were also higher by about 20
In the third measurement of Cell 2, the current was sourced in steps from 0 nA
to 60 nA and the voltage was measured. In Figure 6-8, the current is not flat
like the other two and a sharp knee in the I-V curve occurs at maximum power.
The profile resembles the ones recorded for Cell 1. The open circuit voltage
and short circuit current are the same as those measured previously with
voltage as the source. However, the maximum power and fill factor are 20%
lower than the first two.

70

70

60

60

50

50

(nA)

40

40

Power (nW)

30

30

20

20

10

10

0
‐10

0
0.00

0.10

0.20

0.30 0.40 0.50
Voltage (V)

0.60

0.70

0.80

Figure 6-4 I-V curve for betavoltaic 0.8V cell 1 at 25°C;
Current source, data recorded on 10-15-2013
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Figure 6-5 I-V curve for betavoltaic 0.8V cell 1 at 25°C;
data recorded on 10-27-2013
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Figure 6-6 I-V curve for betavoltaic 1.6V cell 2 at 25°C;
data recorded on 10-3-2013
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Figure 6-7 I-V curve for betavoltaic 1.6V cell 2 at 25°C;
data recorded on 10-15-2013
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6.3.2 High temperature (80°C) evaluation
Cell 1 was placed inside the temperature chamber and the temperature was
increased to 80°C. The voltage should be lower while the current should be
higher. Plots of two IV curves taken two weeks apart are shown in Figure 6-9
and Figure 6-10. The first IV curve on 10-3-2013 was measured by sourcing the
voltage and measuring the current. The current was flat from short circuit to 0.3 V, but
both the current and voltage were less than the values at room temperature by ~15%.
The maximum power was 19.58 nW. The second IV curve on 10-18-2913 was measured
by sinking the current and measuring the voltage. A pronounce decrease in output
power was observed. The maximum power was only 6.43 nW, about 60% lower than
the value in the first test at 80°C. There is no fill factor. It appears as if the current
never had a chance to reach steady state. The results from the first test shows a drop
in open circuit voltage by 25% and drop in short circuit current by 38.3%.

I‐V curve, 0.8V cell 1, Current Sourced, 80°C, 10‐3‐2013
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Figure 6-9 I-V curve for betavoltaic 0.8V cell 1 at 80°C;
data recorded on 10-3-2013
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I‐V curve, 0.8V cell 1, Voltage Sourced, 80°C, 10‐18‐2013
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Figure 6-10 I-V curve for betavoltaic 0.8V cell 1 at 25°C;
Current source, data recorded on 10-18-2013

Because of the large degradation in performance at 80°C, the testing of Cell 2 at high
temperature was put on hold until the issues with Cell 1 has been resolved. A month
later, an IV curve measured on Cell 1 indicated that the p-n junction shunt resistance
was completely gone. Short circuit current was still 70 nA, but open circuit voltage was
now 5 mV.

6.4 Temperature Performance of Cell 2 Betavoltaic
The temperature profile in Figure 6-3 was programmed into the temperature
chamber to cycle from room temperature, to -38°C, and then to 70°C, Cell 2
was operated at maximum power by connecting a 14.1 MΩ resistor across the
output. A Keithley 9617A electrometer was programmed to record the voltage
on Cell 2 every 5 seconds. The recorded voltage and temperature is shown in
Figure 6-11. As the temperature ramped from ambient to -38°C, the voltage
began to increase, as it should.

At -16°C, the cell lost voltage and then
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recovered when the temperature increased above 22°C for the 1 hour ambient
temperature soak. At the beginning of the ramp to 70°C, the voltage suddenly
decreased to 0.8 V and never fully recovered after that. At room temperature
and below, Cell 2 continued to lose voltage. At temperatures above room
temperature, the voltage appears to return, but intermittently.
The root cause has been determined to be humidity. At cooler temperatures,
condensation forms on the cell and shorts the device causing the voltage to fall
to zero or below. The phenomena causing the voltage to remain low at high
temperatures must be due to the breakdown of the diode shunt resistance of
one of the cells in series; similar to Cell 1. The betavoltaic was placed in a bag
filled with nitrogen and desiccants to dry it out and voltage still did not
improve. The voltage did finally recover at the beginning of September 2014,
but began exhibiting intermittent voltage drops like the plot of open circuit
voltage at room temperature shown in Figure 6-12. To date, Cell 2 continues
to display this erratic behavior.
Temperature Cycling on Betavoltaic from -38C to 70C (-38F to 160F)
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CHAPTER 7.

CONCLUSIONS AND FUTURE WORK

7.1 Hydrogen Loading System
A unique hydrogen loading system for thin films was developed. This new
system incorporated several improvements in a previous hydrogen loading
system developed at Greenway Energy located in Savannah River National
Laboratory (SRNL), and is designed for pressures and temperatures up to
69 bar and 500°C, respectively.

The system was design for pressure and

temperature conditions up to 69 bar and 500°C. The loading system provides
0.0375% accuracy in differential pressure measurements. In the 350 mbar
range, the accuracy is 0.13 mbar. This is less than 0.435% of the 30 mbar
differential pressure expected in typical hydrogen loading experiment.
A four-wire resistivity probe was developed to measure the surface resistance
of the thin films. The probe was used to measure the surface resistance of Pd
films and silicon substrate before and after hydrogen loading. The results
indicated that with absorption of hydrogen the surface resistance increased.
7.2 Hydrogen loading experiments
Hydrogen loading experiments were conducted on Pd films of 50 nm and
250 nm. Temperature of 310°C was required for loading of hydrogen. Tests
were conducted for pressures from 0.2 bar to 10 bar. These palladium films
were stored for 3 years and were exposed to atmosphere. Most hydrogenabsorbed values for Pd films were higher than expected values; in some cases
by at least 3%, well above the combined measurement error of 0.25%. The
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absorption process was gradual (~1000 seconds) and difficult to determine the
onset of absorption.

After each hydrogen absorption experiment, another

loading experiment was performed with helium to determine gas leakage rate.
The helium leakage measured was benign. However, because the amount of
absorbed hydrogen was larger than expected, it is suspected that hydrogen
leaked during the heat-up period.
Hydrogen loading experiments were conducted on freshly made Ti films of 300
nm capped with 85 nm layer of Pd at 0.93 bar pressure. Hydrogen loading was
found to occur at 160°C and at room temperature. The loading of hydrogen on
fresh Ti films at room temperature has not been reported in literature and thus
these results are unique and provide unique opportunity to load films at room
temperature.
The hydrogen absorption rate for freshly made Ti films was much faster
(~1 seconds) than than the hydrogen absorption rate for aged Pd films (~1000
seconds). The mass ratio of absorbed hydrogen to freshly made Ti films was
2.37% and 2.41%, which are close to the theoretical hydrogen to titanium ratio
of 2.67%.
7.3 Surface flux modeling
Flux and energy distribution of betas (electrons) exiting the surface of 1200 nm
thick Ti films were simulated with MC-SET. The optimal thickness, which is
maximum utilization of tritium for a given material, was found to be 300 nm
for Ti films.

Similar calculations done for Sc films indicated an optimal

thickness close to the same value.
MC–SET calculations were also performed for elemental Ti of thickness 2000
nm and Sc of 1500 nm. The results indicated that the self-shielding thickness
for Ti was 1200 nm and that for Sc was 100 nm. MC-SET simulations were
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performed for tritiated Mg films of 300 nm. The results indicated that tritiated
Mg has a surface flux three times higher than that of tritiated Sc, and six times
higher than that of tritiated Ti. Key finding for this work is that the tritiated
Mg films offer a vast improvement of surface flux, which leads to large
improvements in betavoltaic power.
7.4 Betavoltaic evaluation
Electrical characterization of commercial betavoltaic cells was carried out at
environmental temperatures ranging from -38°C to 70°C. The data indicated
that at higher temperatures, the cell power decrease at maximum of 80%. The
cells are also found to be very sensitive to humidity that can shunt the current
from the output. The cells are also very sensitive to measurement techniques
where sourcing voltage or current produces very different results. It was
observed that at low temperatures, cell became shorted due to condensation on
the cell casing.
7.5 Future Work
1. Hydrogen loading experiments on Mg, Be, fresh Pd and Sc films and
other material such as graphene. Investigation of of other catalytic
materials such as nickel to protect the film from contamination.
2. Development of polymer based p-n junctions with beta source
incorporated for bipolar cell construction.
3. Further development of evaluation capabilities, and conduct parametric
studies on betavoltaics in a variety of environments and external
influences, such as magnetic field and gamma radiation.
4. Development of a betavoltaic powered application using off-the-shelf low
power microprocessors, transceivers and smart software capabilities.
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Appendix A

System Design Calculations and Notes

Pressure System Check-out
Lessons learned.
Used K-type thermocouples with twisted/soldered junctions. Tin-lead solder
does not adhere to alumel and chromel wires. Need silver solder and hotter
soldering iron. Welding (by induction) is preferred and may be able to use car
battery according to articles on the internet; twist together 1/8 inch and
connect other ends to positive battery post, then touch twisted end on
negative and it becomes welded.
Swagelok port connectors were over tightened by one turn. It should have
been a ¼ turn, not like the tubing 1¼ turn.
A heavy wall thickness resists ferrule action more than a thin wall thickness.
This allows the ferrules to coin out minor surface imperfections. A thin wall
tube will collapse, offering little resistance to ferrule action during assembly.
H (SS 316) bellows sealed valves can handle 1000 psi at 600°C. HK (brass)
bellows sealed valves can handle 500 psi at 200°C. Every H and HK series
valve is helium leak tested to a maximum leak rate of 4x10–9 std cm3/s at
the seat, envelope, and all seals. May have to get new ones with VCR
connectors such as SS-4H-V13, Socket welded female VCR fitting or SS-4HV51 Butt welded female VCR fitting, both around $230. May be able to
replace gaskets with a kit available from Swagelok.
High-Purity High-Pressure Diaphragm Valves may be best for repetitive
opening and closing. About $100 more expensive but are Inboard helium leak
tested to a rate of 4 × 10–9 std cm3/s at the seat, envelope, and all seals.
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High pressure/temperature needle valves have a relatively high leak rate of
0.0083 std cm3/s (0.5 std cm3/min). This is used near the Parr reactor.
Hence, I need to have the reactor properly sealed.
Analog data inputs to DAQ need to be twisted/shielded and guarded at one
end. A 10 kΩ resistor needs to be placed between the channel low (L) and
analog ground (AGND).

134
Appendix B

Differential Pressure Transducer
Programming

Description and Use of Honeywell Smart Pressure Transmitter ST-3000
Apparatus Required:
-

Honeywell Smart Pressure Transmitter ST-3000 model STD 120
[0-400 in. H20]

-

Honeywell Smart Field Communicator

-

5/16 inch wrench

-

BK Precision DC Power Supply [1735A 30V/3A]

Brief Introduction:
A Differential Pressure Cell measures the differential pressure between 2
different points in a system. The system is based on the principle of a
Wheatstone bridge, utilizing the compression of a crystal and its frequency
variation to alter the resistance over the bridge. The output of a DPT varies
from 0 percent (4 mA) to 100 percent (20 mA). The following steps should
be followed for Setup, Calibration and Operation of the DPT.
1. Prior to construction, Observe and Record:
a. Transmitter make and model
b. Calibration Range
c. Direction of flow
d. Maximum Working Pressure of Transmitter
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2. Connect a DC Power Supply across the positive and negative
terminals of the DPT, with the following configuration :
a. A resistor of required resistance (as per the required
sensitivity of the reading) over the negative line
b. A digital multimeter to measure the current across the positive line
3. Establish a DC Excitation Voltage of 24.5 V across the DPT.
4. Pressure Calibration Must be done using a Honeywell controller by
setting the Upper and Lower ranges in 2 steps :
a. Unscrew the lid and connect the Controller across the positive
and negative inputs.
b. Press the LRV or URV buttons to set the Upper or lower Range
readings
c. Press the Shift and Set buttons to establish the unit of reading
which can be varied from psi, inches of water, kPa, mm of Hg etc.
d. Enter the numerical value, this depends on the sensitivity of
the reading and the range of readings required.
e. Prior to saving the final input value press Shift+Enter.
f. Turn off the Controller to save the final value. Now the DPT is
calibrated.
Standard Operating Procedure for the Differential Pressure Cell
This experimental facility uses a Honeywell ST 3000 Smart Transmitter
STD120 Series 100 Differential Pressure Transducer. The output signal is
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proportional to the measured variable in an analog format from 4 mA to 20
mA. The Honeywell Smart Field Communicator is the interface to
calibrate and configure the microprocessor to the required measurement
ranges by establishing the units and values of the range by specifying
upper and lower limits of measurement which will correspond to the
minimum and maximum current outputs of the DPT. The STD120 model is
capable of measuring over a range of 0 to 400 inches of Water pressure at
39.2°F or 4°C. Thus the range of the DPT in use is:

The Accuracy can be calculated, according to the manual, in analog
mode by incorporating the error due to a combination of linearity,
hysteresis and repeatability, including the residual error as 0.075% of the
calibrated span or the Upper Range Value, whichever is greater. Therefore,
the Accuracy here would be:
Accuracy = 0.075 x 13.5 = 0.010125 psi
Connecting the Differential Pressure Cell
The First Step is to connect the DPT to the experimental facility as follows:
1. Connect 2 x ½ inch NPT SS Tubes to the High Pressure and Low Pressure
sides which are 53.9 mm apart with the high pressure side to the left
and Low pressure side to the right as shown in the figure. The High
Pressure side is on top and is marked on the body of the DPT by an “H” and
an arrow.
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2. Seal the tubes with Swagelok fittings to integrate the DPT with the rest of
the experimental facility.
3. Ensure the DPT is well mounted and stable without too much
lateral movement or stress on the tubing
4. Connect wires from the Positive and Negative terminals of the BK
PRECISION DC Power Supply (PSU) to the Positive and Negative
Terminals of the DPT so an excitation Voltage can be provided as follows :
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Setup and Calibration of the Differential Pressure Cell
1. The STD 120 Pressure Cell requires the application of an Excitation
voltage whose value depends on the sensitivity of the pressure cell and
the resistor across which the reading is taken.
2. Turn on the DC Power Supply Unit and then set the excitation voltage
using the top 2 knobs (Coarse and fine tuning) and set the excitation
voltage at 24.5 V, which is above the minimum specified by the
manufacturer.
3. Ensure the Wires from the PSU that provide an excitation voltage
are connected correctly.
4. Utilize a Honeywell Smart Field Communicator and connect its terminals
which are shown below to the Positive and Negative terminals of the DPT.
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5. Operating the Smart Field Communicator (SFC) is required to calibrate
and periodically check calibration of the DPT. The ranges of the DPT have
already been established. Turn on the SFC utilizing the switch at its side.
6. Click on LRV button to set the lower range. Now click on the UNITS
button to establish the system of units that are to be specified by the user.
7. Click on SET and now enter a numerical value for the Lower Range using
the number pad. This value should be 1 inch of Water at 39°F (corresponding
to 2.5 mbar and is the lowest safe reading to ensure calibration).
8. Click on SHIFT + ENTER (YES) to set the units as NON-VOLATILE and
save the reading on the microprocessor.
9. Click on the URV button to set Upper Range. Click on the UNITS button
to establish the system of units as inches of Water at 39°F.
10. Click on SET and enter a numerical value for the upper range, in this
case 400 inches of Water at 39°F (corresponding to 1000 mbar).
11. Click on SHIFT + ENTER (YES) to save this calibration.
12. The DPT has been calibrated. Disconnect the wires and seal the DPT
with the lid.
Operation of the Differential Pressure Cell
1. Connect the PSU and the Data Acquisition System (DAS) to the
same wall socket/power strip to prevent any feedback/difference in
impedance.
2. Turn on the PSU and set an excitation voltage of 24.5 V.
3. Flood the tubes to the DPT with Hydrogen/Helium Gas as required
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4. Utilize a 5/16” spanner (wrench) to open the lines (counter-clockwise
rotation) of the DPT and purge them to ensure there are no foreign matter
and air bubbles (different fluid) trapped within the lines, to ensure an
accurate reading. Once the drain volume has replaced the gas in the tubes
completely, seal them shut (clockwise rotation).
5. Connect a multimeter across the resistor of 250 Ohms to measure the
output of the DPT. The Readings should be as follows:
Since at the highest reading, the Current output would be 20 mA, which over
a resistor of 250 Ohms would apply a Potential Difference of V = I x R = 0.002
x 250 = 5V.
6. After readings have been acquired, slowly turn down the dials of the PSU
and disconnect the leads from the DPT once the unit is switched off.
7. If the lines are carrying a volatile gas, open the purge lines using the
spanner and drain all gas/fluid from the tubes.
Nomenclature:
DPT : Differential Pressure Cell
PSU : Power Supply Unit [DC]
DAS : Data Acquisition System
ST : Smart Transmitter
SFC : Smart Field Communicator
LRV : Lower Range Volatile
URV : Upper Range Volatile
mA : milli-Amperes
°F : degrees Fahrenheit
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